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PREFACE 

This ootuse of six lectures— deliyered to the Engineer- 
ing Students of the Staffordshire Connty Technical 
Glasses at the Newcastle High School, in Noyember 
andi December, 1904— was intended to summarize the 
results of the more important researches which have 
been made during the last ten years upon the 
constitution of alloys of iron and steel. 

The claims of the new science— metallography — 
which has reyealed the internal structure of the 
metallic alloys, have been too long oyerlooked. The 
far-reaching importance of this knowledge is begin- 
ning to dawn upon the most oonseryatiye minds. 
Metallurgists are now rending the yeil which has 
so long concealed the internal structure of the metals 
and their alloys; and many phenomena connected 
with the industrial treatment of the metals, so 
long inexplicable, are now yielding up their secrets 
to the indefatigable methods of modem scientific 
research. 

Unfortunately, much of this important work is 
disseminated throughout yarious scientific journals, 
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and the facts are so frequently obscured beneath a 
mads of controyersial matter that it is difficult for 
the uninitiated to get into touch with the work. 
In consequence, I have been lead to reproduce my 
lectures in a form suitable for publication, in the hope 
that they may help those who hare not specially 
studied the subject to appreciate the remarkable 
chapter which metallurgifits have recently added to 
physical chemistry. 

I desire to thank Profs. Arnold, Beilby, Cohen, 
Ewing, Heyn, Newth, Osmond, Popplewell, and 
Stead for permission to use their micro-photographs ; 
Dr. G. T. Beilby, the Secretary of the Iron and 
Steel Institute, the proprietors of The PhUosophieal 
Transactions and of The Iron Age for the loan of 
blocks; and Mr. H. Fowler for help with the 
diagrams. 

J. W. MELLOR. 

Marek 4, 1905. 
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THE 

CRYSTALLIZATION OF IRON 

AND STEEL 



THE SOLIDIFICATION AND 
COOLING OF ALLOYS 

§ z. Atoms and Molecules 

Chemists haye inyested matter with an imaginary 
eonstitution, which explains yery well the yarionfl 
transformations which matter undergoes. Matter is 
supposed to be made up of extremely small particles, 
cidled molecules. No successful attempt has been 
made to describe how the molecules associate together 
except in the case of crystalline substances. Here 
all the evidence points to a symmetrical and fixed 
mode of arrangement, which finally produces regular 
geometrical figures called crystals. 

More or less approximate attempts to calculate the 
size of the moleciQes show that, if a drop of water were 
magnified to the size d the earth, the size of the 
molecules of water would be between that of small 
shot and of qiicket balls. Molecules lie quite outside 
the range oi observation, and we must accept here, in 

. 1 B 



2 CRYSTALLIZA TION OF IRON AND STEEL § i 

good fiedthy the large mass of circumstantial evidence 
accumulated by the chemist. 

By analysis it has been found that the infinite 
variety of substances known to man can all be reduced 
to about eighty simple forms, called elements. No 
analyst has ever separated from an element anything 
but itself. Pure iron will yield nothing but pure iron. 
Iron is, therefore, an element. Pure copperas, on the 
other hand, will furnish iron, sulphur, and oxygen. 
Copperas is not an element. Facts like these seem to 
indicate that molecules are made up of still smaller 
particles. These are called atoms. Atoms of the 
same kind make up the molecules of elements; 
atoms of different kinds make up the molecules of 
compounds. 

All substances known to man are supposed to be 
made up from different combinations of some eighty 
different kinds of atoms. Becent investigations seem 
to show that the different atoms are different com- 
binations of still smaller particles, called corpuscles, 
or, if they be charged with electricity, electrons. All 
corpuscles are the same. Matter, whether it be a 
mummy, a piano stool, or a tootilipick, is essentially 
one universal substance. Variety enters when the 
corpuscles arrange themselves in groups of atoms, 
when the atoms unite into molecules, and when the 
molecules aggregate into masses of matter. The 
stages are — 

OorpofloleB -> atoms -> molecnleB -> matter en moMe, 

The molecules of a gas lead a more or less inde- 
pendent existence. This is illustrated by the rapidity 
with which the molecules of, say, ammonia gas travel 
from one end of a room to the other and affect the 
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sense of smell. In Uquids, however, the moiecnles are 
much less mobile. This can easily be preyed by 
dropping a small grain of aniline dye into a tumbler of 
clear still water. The water will be uniformly coloured 
in a few days. The molecules of a solid substance 
haye practically lost their mobility. But not all. 
Carbon laid in contact with pure, hot, solid iron will 
diffuse into the mass of the metal ; and gold in contact 
with lead will, in a few years, diffuse into the lead in 
appreciable quantities. 



§ 2. The Degradation of Energy 

The infinite yariety of changes continually taking 
place in the properties of bodies around us is often 
said to be due to the action of an external agent, called 
energy, upon matter. Just as water will always run 
down from a high to the lowest leyel that circumstances 
will permit, so will energy at a high potential always 
run down to energy at a low potential. And one of 
the most interesting phenomena in connection with all 
natural changes is this constant running down or 
degradation of energy. Still keeinng the same 
analogy, just as water may descend from the top of a 
hill in many ways — rivers or rain, underground 
channels, glaciers, or avalanches — so may energy give 
rise to electrical, thermal, or chemical phenomena in 
ite descent from a high to a low potential. But I need 
say little to engineers on this subject. The electric 
light, steam engine, electric tramcars, gas engines, 
water-wheels, watohes, and clocks all bear testimony to 
the ubiquity of the law. An ancient philosopher has 
said that all things are in motion, and we might add 
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that the motion always inyolves a degradation of 
energy. Motion only ceases when energy has run 
down to the level of its snrroundings. The system 
is then said to be in a state of equilibrium. 



§ 3. Passive Resistance 

There is also another remarkable law — ^the law of 
passive resistance. Equilibrium may be apparent. 
The running down of energy may be resisted in some 
way. It is a common thing to find energy at a higher 
potential than we should expect. Energy does not 
always, of itself, run down to its lowest level. Just as 
the throttle-valve of a steam-engine must be moved 
before the degradation of high-pressure energy com- 
mences, and the engine can start on its journey, so 
may a preliminary impulse be required to set the 
process of degradation in motion. 

We therefore distinguish between two states of 
equilibrium. The one is stable, the other unstable. 
The one is a real state of equilibrium, the other is only 
apparent. When you see water in a liquid state at a 
temperature below its normal freezing-point, 0^ C, you 
know that some agent must be at work which prevents 
the freezing of the water. This unknown agent is 
eaUed passive resistance. 

Sodium thiosulphate is a convenient substance to 
illustrate these facts. At ordinary temperatures this 
salt is a white crystalline solid. On heating to 56*^ it 
melts to a clear liquid. This is also the freezing-point 
of the liquid. But it is possible to cool the molten 
salt down to the temperature of the room without 
solidification. The sodium thiosulphate is then said 
to be in a state of apparent or false equilibrium^ 



Via. 1.— Octahedral Snlphnr. (G. S. Newtb.) 



Fia. 2.— PriBmatic or " Needle-shaped " Sulphur CcjBtalB. (G. S. Nowth.) 
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and it can be kept in this state an indefinite time. 
Now put a crystal of sodinin thiosolpliate into the 
liquid mass. The passiye leeistanoe is oTefoome in 
some Way, for now the liquid assomes the stable 
crystalline condition, and during the transition from 
the liquid to the solid states energy is degraded. 

§ 4« AUotropy 

Sulphur, at the temperature of this room, is a pale 
yellow crystalline solid. The crystals are shaped like 
octahedrons (Fig. 1). If sulphur be heated above 96^, 
these pass into needle-shaped crystals (Fig. 2). Still 
further, if sulphur be heated to near its boiling-point, 
and suddenly quenched by pouring into cold water, an 
amorphous, non-crystalline, plastic, and elastic mass is 
produced. Here, then, you have the element sulphur 
existing in three different forms — plastic, octahedral, 
and needle-shaped crystals. Each form is said to be 
ian allotropic modification of sulphur. 

This word allotropia How can the same substance 
exist in different forms ? Just as the builder can with 
the same kind of bricks btdld up yarious structures, so 
can Nature with the same kind of atoms build up 
molecules with very different preppies. The atoms 
of sulphur, for instance, may form molecules which 
crystallize as octahedral or as needle-shaped crystals ; 
atoms of carbon f<»rm three allotropic modifications — 
diamond, grajdiite, and amorphous carbon. AUotropy 
oeeur$ when a stihstanee exisU in two or more forms 
which differ in some of their properties. The term is 
not usually applied to the different states of aggrega- 
tion of a substance-Hsdiid, liquid, or gaseous. Allo- 
tropic transformations are usually accompanied by 
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changes in the internal energy of the substance 
concerned. Energy is at a higher potential in one 
allotropic form than in another. The one form which 
has energy at the higher potential must be unstable. 

§ 5* Transition Temperatures 

The octahedral crystals are alone stable at ordinary 
temperatures. Both plastic sulphur and the needle- 
shaped crystals pass spontaneously into octahedral 
crystals at the temperature of the room. But aboye 
96° the needle-shaped crystals are stable, while the 
plastic and the octahedral crystals slowly assume the 
needle-like form. You might just as well try to 
prevent water nmning down a hill as to preyent these 
changes taking place at these temperatures. Plastic 
sulphur will crystallize in octahedrons at the tem- 
perature of the room because the process inyolyes the 
running down of energy. Sulphur, therefore, has two 
crystalline forms, one of which is stable aboye 96% and 
the other below 96°. The critical temperature, 96°, is 
called the transition temperature. 

Mercury iodide also exists in two allotropic forms, 
one of which is red and the other yellow. The red 
form is stable at ordinary temperatures, and passes 
into the yellow modification when heated aboye 126°. 
The yellow form is stable aboye 126°, but passes into 
the red form when cooled below the transition 
temperature, 126°. 

After a particularly cold winter, 1867-68, some 
blocks of tin stored in the Customs House, and some 
tin buttons in the Military Stores at St. Petersburg 
had mysteriously crumbled to a grey powder. It has 
since been proved that tin exists in two allotropic 



Fio, 3.— Surface of Diaessed Tia. (E. Cohen.) 
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modifications — white malleable metal, and grey powder. 
The transition temperature is 20% jnst a little above 
the average temperature of the air. The grey powder 
is the stable form below 20°. Hence it follows that all 
the malleable tin in the world, except on the hottest 
summer days, is in an unstable condition. It is only 
passive resistance of some kind which prevents all the 
tin vessels in the world slowly crumbling to powdered 
grey tin. 



§ 6. Velocity of Transformation 

We have just seen that a crystal of sodium thio- 
sulphate will make the unstable liquid thiosulphate 
pass into the stable form, so will the presence of a 
little grey tin facilitate the transformation of white 
into grey tin. This crumbling of tin to a grey powder 
is known as the tin pest. The disease is, therefore, 
infectious. The surface of a piece of diseased tin is 
shown in Fig. 3. The change is slow at ordinary 
temperatures. But articles of tin which have been 
buried a few hundred years are in almost every case in 
a more or less advanced state of disintegration. 

The comparative rigidity or immobility of the 
molecules of a solid offers a kind of frictional resistance 
to change, analogous to the action of a brake upon the 
wheels of a car. If it were not for passive resistance 
the speed of transformation from one allotropic form 
to another would be faster the more distant the 
temperature away from the transition-point. Experi- 
ment shows that the rate of transformation of white 
into grey tin increases as the temperature is reduced 
below the transition-point, 20% At — 50% for instance, 
the transformation is very rapid. As a general rule. 
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passiye resistanoe increases as the temperature falls 
below the transition-point. The one effect works 
against the other. If 9 be the prevailing temperature, 
we may write— 

«, , .^ « . . ^ tranntioii tempeiatnre less 6 

Velocity of change at ^= p^^e reriatanoe at 0^ 

Or, if F denotes the velocity of transformation, B the 
magnitude of the passive resistance at 0^, and E the 
difference of the temperature between the transition 
point and 0®, we have — 

^ B 

a result which bears a close formal analogy with Ohm's 
well-known law. It may be assumed that E also 
represents the amount of energy to be degraded in the 
process. This formula states in symbols the observed 
facts that the greater the value of E^ the greater the 
velocity of transformation ; and the greater the value 
of B, the less the velocity. 

These experiments teach us four important facts 
which must be clearly understood : — 

(1) A suhstcmce may exist in ttoo or more forms 
having different properties. 

(2) Onlff one of these forms is, in general, skMe at 
any given temperature. 

(3) The transformation of a substance from its 
unstaile to its staUeform oeeupies time* 

(4) The transformation from the vmtaUe to the 
stoiiefoTm may he hindered or even arrested hy passive 
resistance for an indefinite time. 

The phenomena are not always so obtrusive as the 
changes which take place with sulphur, tin, and 
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mercury iodide. We naturally ask, how can we tell 
whether a substance is capable of existing in different 
allotropic forms ? As a matter of fact, we select some 
physical property of the substance and measure it at 
different temperatures : if there is a sudden change in 
the physical property of the substance at any particular 
temperature, we infer that there is some drastic change 
going on in the internal structure of the substance. 



§ 7. Cooling Curves 

Let the temperature of a cooling copper bar at 
200^ be measured every ten minutes. Let distances 
at right angles to the line 0^-200'' (Fig. 4) represent 




20 40 WlVru 
Fia. 4.— Cooling Curve of Solid Copper. 

time, and vertical distances from the line -^ 60, the 
corresponding temperatures of the bar. We thus 
obtain the series of points shown in Fig. 4. Draw a 
line so as to lie most evenly among the points. The 
result is a so-called cooling curve. The simple form 
of the cooling curve in Fig. 4 gives no evidence of any 
sudden change in the nature of the cooling copper. 
If a curve is drawn for water cooling down from 
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20° to — 20° C, we get a terrace in the cooling curye, as 
shown in Fig. 5. This tells us that some change has 
taken place in the nature of the substance at 0°. We 




20 40 60 Tm^ 
Pio. 5.— Water. 

see directly that this change corresponds with the 
passage of water from the liquid to the solid state of 
aggregation. 

Now draw the cooling curve of molten sodium 
thiosulphate. We know that the molten liquid ^* ought" 
to freeze at 56° (Fig. 6). But the cooling curve goes 




40 ^Ttnu 

Fig. 6. — Sodium Thiosulphate. 



on quite normally below that temperature until, at 
length, there is a great evolution of heat, and the liquid 
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solidifies. The tempeiature may even rise above 56^ 
The cooling curve of the solid is quite normal. The 
amount of heat evolved as the molten liquid solidifies 
corresponds with the ** latent " heat absorbed as the 
solid melts. 



§ 8. Suffusion and Recalescence 

The molten sodium thiosulphate as it cools down 
the ^' surfusion " curve is at a lower temperature than 
its normal point of solidification or freezing. The 
liquid is then said to be in a state of superfusion or 
surfusion. The system is in unstable equilibrium* 
We may get a similar state of things when a saturated 
solution of a substance is slowly cooled. More salt 
may be in solution than the true solubility of the 
salt. The result is a supersaturated solution. 
Agitation, or the addition of a trace of something 
which will serve as a nucleus for crystallization, will 
generally sufiSce to start the system on its passage to 
a state of stable equilibrium. But when the trans- 
formation does set in, it usually takes place very 
rapidly, and is accompanied with a rise of temperature. 
The cooling curve is distorted in a corresponding 
manner (Fig. 6). 

It is interesting to put a little ether in a small 
bulb blown at the end of a piece of glass tubing, placed 
in supercooled sodium thiosulphate (Fig. 7). Drop in 
a crystal of sodium thiosulphate. The evolution of 
heat as the liquid solidifies raises the temperature high 
enough to vaporize the ether. The vapour of ether 
will bum at the mouth of the tube with a steady flame 
when ignited. 

When a steel bar is cooling, an evolution of heat 
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occnra at about 690^ The amount of heat eyolyed is 
80 great that the metal visibly brightens in colour. 
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The phenomenon is called recalescence. The cooling 
curre is shown in Fig. & 

§ 9. The Cooling Curve of Pure Iron 

The cooling curve of iron from the molten condition 
is shown in Fig. 9. The iron was practically pure. It 




20 40 «15i« 
Fig. 9.—Iron. 



only contained 0*01 per cent, of carbon. F. Osmond, 
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a celebrated French metalliurguty maintaJTiB that the 
existence of the transition-points, or discontinuities^ 
Ars and Arsi, in the cooling cnrve of the solidified metal, 
points to the existence of three allotropic modifications 
of solid iron : — 

i. Alpha Iron. — Below Ara, that is 750^ we have 
what he calls a-iron, or alpha iron. 

ii Beta Iron. — Between Ar^ and Arj^ that is between 
750° and 860°, we haye what he calls /3-iron, or beta 
iron. Beta iron is non-magnetic. Heat is erolved 
when iron passes from the j3- to the a-state, and mag- 
netic properties are developed at the same time. 

iii. Oamma Iron. — ^Above the Ars critical point, 
namely 860°, we are supposed to have 7-iron, or 
gamma iron. This variety is non-magnetic 

i)ach critical point is found to be associated with 
a change in the mechanical properties, the microscopic 
appearance, the electrical conductivity, the magnetic 
properties, and the specific gravity of the metaL^ 

The changes which occur during the cooling of a 
substance are reversed when the substance is heated. 
The cooling curve of steel, with 1*2 per cent, of carbon, 
shown in Fig. 10, is reversed on heating, as shown 
by the heating curve in the same diagram. There 
is only one critical point at about 690°, called the Ari 
critical point 

The critical points Acu Acs, Acs on the heating 
curve of mild steel are generally a few degrees higher 
. ■ - 1 I > I ' '■■'■' 1 1 1 1 1. 1 ■■■ ■ I. ■■ 

^ O. Bondonazd, Jbtfm. Iron and iSltoal Jiu<n 88. i. 229, 19(^ : H. le 
Gbatelier, Oompf. Bend., 128. 1444, 1899; 188. 299, 831, 497, 1899; 
MetdOographiit, 8. 884, 1899 ; 8. 38, 152, 1900; G. E. SyedeHua, PhU. 
Mag^ [5], 46. 173, 1898 ; O. Gharpy and L. Grenet, Ompl, Bend., 184. 
540, 598, 1902; M^aUographUt, 6. 240, 1903; 8. Curie, ibid,, 1. 107, 
229, 1898. 



14 CRYSTALLIZA TION OF IRON AND STEEL § 9 

than the corresponding points Ari, Arg, and Ara 
respectively. There seems to be a kind of molecular 
inertia, or lag, which prevents the 7 to j3, the j3 to a, or 
the reverse changes taking place sharply. The critical 

90011 




20 40 60 liw 
Pio. 10.— SteeL 

points on the cooling curve are, in conseqnence of this 
lag, a few degrees below the trae critical point. The 
lag induces a state somewhat analogous to surfosion in 
molten sodium sulphate. The critical points on the 
heating curve are a little too high, and for a similar 
reason.^ 

The critical points of iron really represent ranges 
of temperature, although, for the sake of inconvenience, 
we call them points. The Ars with soft steel commences 
at 845^ and finishes at 800'' ; it is most marked at 820°. 
The Ars extends from 755° to 710° ; and the Ari from 
680° to 645°. 

The "r" of "Ar" comes from the French word 
refroidisdcmtj for cooling; the **c" of "Ac" from 
ehauffcmtf heating. This notation is due to D. Tscher- 
noff,^ the Bussian metallographist. 

1 F. Osmond, MetaOogra^phUt,!. 270, 1S93; 2. 169, 1899; H. M. 
Howe, fbid., 8. 257, 1899 ; M. Aliamont, La mdrieim, 49, 1903. 
* OtherwiBO spelt ** D. GhemoC 
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Now 7-iron is said to be hard, a-iion soft. If, 
therefore, 7-iron be qxdckly cooled past the Ars critical 
point, the passage of the hard 7-iron to the soft a-iron 
is retarded ; the iron is then in an unstable hardened 
condition, ready on the least provocation to pass into 
the stable soft a-form. 

We naturally ask is there any method of helping 
the passive resistance so that the iron will not readily 
change from, say, the 7 to the a modifications at 
ordinary atmospheric temperatures? It is supposed 
that the presence of many foreign substances, like 
carbon, nickel, and manganese, augment the passive 
resistance so as to render the hard 7-iron more stable 
and permanent at low temperatures. On the other 
hand, the presence of chromium, tungsten, aluminium, 
silicon, phosphorus, arsenic, and sulphur facilitate the 
passage of hard beta ^ iron to the soft alpha iron. 

The influence of minute traces of foreign substances 
upon the properties of the metals is a most important 
subject. The effects seem inexplicable. The presence 
of 0*05 per cent, of tellurium alters the properties of 
bismuth so much that we seem to be dealing with a 
totally different substance ; a few hundredths of one 
per cent, of sulphur will determine the success or 
failure of iron; and the presence of 0*1 per cent, of 
bismuth in copper lowers its conductivity so much 
that if copper so contaminated had been idone avail- 
able, it would have been fatal to the success of the 
Atlantic cable. 

X Either ** gamma" or ^'beta." We are not sure which. Both 
are snppoBod to be hard. 
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§ 10. The Freezing of Salt Water 

I have been qpeaking of pore or almost pure iron^ 
and now we natundly turn to alloys of iron with carbon. 
Cast iron and steel are, as you well know, alloys or 
solidified solutions of carbon in iron. These aUoys 
are so complex that it will be profitable for us to 
examine some other solutions which do not present 
such complications as occur in the case of the iron- 
carbon alloys. It is a most interesting fact to find 
that the same general laws hold good for the cooling 
of metallic alloys, for the separation of ice when sea 
water is froasen, the separation of crystals in the glazes 
of the potter, the devitrification of old glass, for alloys 
of carbon and iron, and the formation of rocks when 
the world was a-building. True enough, with the iron- 
carbon alloys other phenomena are superposed upon, 
and hence modify the course of the simple phenomenon 
as it occurs during the freezing of sea water. 

The freezing-point of a 5 per cent, solution of 
sodium chloride is below that of pure water. If more 
salt be added, the freezing-point is reduced still more ; 
and this goes on until the solution contains 23^ per 
cent, of sodium chloride, when further additions of salt 
raise the freezing-point. The experimental results are 
shown in Pig. 11,^ 

But the experiment reveals something more in- 
teresting than this. If the solution contains, say, 
6 per cent of salt, pure ice separates out as the. 
solution freezes, and, in consequence, the solution 
which remains unfrozen has more than 5 per cent. 

of salt dissolved in it. The freezing-point of the 

^'— — ■ ' ' '■ " II ■ I .1 . , , , ,1 

' F. Gathrie^ Pftt7. Ua^., [5], 1. 354« 1876. 
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mother liquid is therefore lower than that of the 
original solution. This separation of pnre ioe, and 
the lowering of the freezing-point, goes on along the 
enrye AT (Fig. 11), until the solution contains 28^ per 
cent of salt. After that, the residual mixture freezes 
en, moMeat —22^. 

If the solution contains more than 23^ per cent, of 
salt, then pure salt separates from the solution, and 




20 23& ^%SaU: 
Via. 11.— Freesing Onnres of Aqneoiis Salt Solniioiif. 

the separation of salt, and the lowering of the freezing- 
point of the solution goes on along the curre BP 
(Fig. 11), until the solution contains 23^ per cent, of 
salt, and the whole residue then solidifies at — 22^. 

If the solution contains just 23^^ per cent, of sodium 
chloride, it freezes en masse at — 22^. No other mixture 
of salt and water freezes at a lower temperature than 
this. Hence this mixture is called a eutectic mixture. 
Guthrie used to think that the mixture which separated 
at this temperature was a definite chemical compound 
of water with salt, which he called a cryohydrate. 
Ponsot calls the mixture a '^cryoseL'* The term 
eutectic mixture is to be preferred. We imow now 
that Guthrie's cry ohydrate is nothing but a mechanical 

c 
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mixture of ice and salt. The one is entangled with 
the other. Under the microscope the crystals of ice 
can be seen lying in a matrix of salt.^ 



§ II. The Solidification of Copper- Silver Alloys 

A like phenomenon occurs when molten mixtures 
of silver and copper are allowed to cool. At 770^ 
when the alloy has the composition 28 per cent, of 
copper and 72 per cent, of silver, the whole solidifies 
en 9110886. If the mixture contains less than this per- 
centage of copper, pure silver separates at temperatures 
along the ** silver " line (Fig. 12) ; while, if the molten 




25 50 75%C0PPER 
Fia. 12.— Fiudbility Carves of Copper-Silver Alloys. 

mixture contains more than 28 per cent, of copper, 
pure copper separates, and continues separating along 
the '' copper" line until the mixture has the above 
composition, when the whole solidifies as a eutectic 
mixture at 770^ No other alloy of silver and copper 



* A. Ponsot, iltm. Ofcm. Pfcy«., [7], 10. 79, 1897; T. Andrews, 
Vtot, Bojf, 8oe., 40. 544, 1890; 48. 106, 1890; J. Y. Buchanan, Proo. 
Boy, 8oe. Sdin., 14. 129, 1888. 



Fio. la— PolUhed Sariiico of Cn-Ag Alloy. (F. Oemond.) 



Fib. 14.— Polished ennfaoe of Ca-Ag Alloy. (F. OBmood.) 
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melts at so low a tempeiatuie. The resulting alloy is 
a network of the two metalsy pure silver and pure 
copper, as shown in Fig. 13, where the heterogeneous 
nature of the alloy is clearly seen* In Fig. 14 we 
have an alloy of 15 per cent, of copper and 85 per cent, 
of silver. The alloy has a greater percentage of silver 
than the eutectic alloy, and in consequence silver 
separates out until the residue has the eutectic com- 
position. This is in harmony with the microscopic 
appearance of the alloy, which shows large masses of 
silver embedded in a network of the eutectic alloy. 

An alloy of these metals appears to possess two 
freezing-points: (i) The temperature at which the 
mass begins to solidify ; and (ii.) the temperature at 
which the whole is solidified. The pasty condition of 
solder — ^tin with 66 per cent, of lead — is due to the 
fact that there are two freezing-points. Solid lead 
separates first, and on this fact depends the facility 
with which a joint can be wiped with plumber's solder. 

We get similar results with binary alloys of 
antimony and lead, tin and lead, tin and bismuth, tin 
and zinc, lead and silver, zinc and aluminium, and 
with copper and gold.^ 

The fusibility curve is very much simpler if the 
one constituent is mutually soluble in the other in all 
proportions. The fusibility curve is then approxi- 
mately a straight line (AB^ Fig. 15). This is the case 



> W. Campbell, Jonm. Franklin Inst., 164. 1, 181, 201, 1902; 
MetdOographigt, 5. 286, 1902; J. E. Stoad, ibid,, 5. 110, 1902; H. M. 
Howe, ibid., 5. 166, 1902 ; A. W. Eapp, Drude^s Ann,, 6. 754. 1901 ; 
W. C. BobertB-AvBten, Proe. Boy. 806., 88. 481, 1884 ; 68. 452, 1898 ; G. 
T. Heyoook and F. H. NeyiUe, PhU. Trans., 189. 25, 1897 ; A. Dahms, 
Wied. Ann., 64. 486, 1895 ; H. le Ohatelier, Compt. Rend., 118. 350, 
415, 800, 1894: 
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with alloys of silTer and gold. The same thing oocurs 
with alloys of antimony and bismnth. 
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Fio. 15.— FuBibiUty Onrre of Gold-SilTer Alloys. 



§ 12. The Solidification of Copper-Antimony 

Alloys 

Silver and copper do not form a chemical oompound. 
Many metals, howeyer, do form compounds. Copper 
and antimony, for example^ form a compound haying 
the chemical formula SbCus, or, according to H. le 
Ghatelier, SbaCus. This behayes as if it were a single 
and distinct element. The addition of either copper 
or antimony lowers the melting-point of the compound 
SbCua in tiiie ordinary way. In Fig 16, C represents 
the melting-point of the pure compound SbCus. The 
line CPi represents the effect of the addition of 
antimony to the compound ; while the line CP^ repre- 
sents the effect of additions of copper. There are two 
eutectic points, the one, Pg, corresponding with the 
eutectic mixture of the compound SbOufl with copper, 

> A. Gaatier, BuK. Boc, ^EnMuragmnmi, [5], 1. 1298, 1896 ; W. O. 
Bobeiis-Aofton, Proe. Boy. 8oc, 67. 105, 1900; with T. JL Bose, 71. 
161, 190a 
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and tiie other, Pt, e(»ieBpcniding with a enteotic 
miztnte of SbCoi with antimony. 

The results depicted in Figs. 11, 12, and 16 can be 
represented graphically in another way.* Take the 
more complicated case (Fig. 16). Let the horisontal 
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Fn, 16.— Fn^rili^ Onrra of Ot^^er-AntimoDr Alloj*. 

line (Fig. 17) rejsesent the ultimate composition of 
the tjloy in terms of copper ; the Teitical lines, the 
Btrnotnral composition in terms of the TariooB con- 
BtitnentB— copper, SbCog, antimony, or the two 



■Via. 17. (After A. Sanvmu.) 



entectics. As an example, an alloy with 10 per cent. 
of copper will have 40 per cent of the first enteotic 
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and 60 per cent, of antimony ; an alloy with 33 per 
cent, of copper will liave 30 per cent, of the first 
entectic, and 70 per cent, of SbCiia. 

Alloys of gold and antimony present similar 
phenomena.^ 



§ 13. The Cooling of Iron-Carbon Alloys 

Bnt we can go a step further. Let ns consider 
what takes place when an iron bar containing, say, 
0-6 per cent, of carbon and 99*4 per cent, of iron cools 
from 900°. The cooling curve shows nothing very 
remarkable until a temperature of about 720° is 
attained. There is then a sudden evolution of heat. 
The critical points, Ats and Ar^, of pure iron coalesce 
into one. At this point pure iron, or ferrite, as 
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0-5 1-0 l-5%CMttOK 
1^0. 18.— Cooling of *< SoHd lion." 

Howe calls it, separates from the solid solution. The 
separation of ferrite goes on along the curve AP 

(Fig. 18) until the temperature reaches about 660°, 

' II. . I, ■ ■ I > 

> G. T. Heyoook and F. H. NeyiUe, Vrot. Boy. 8oe,, 68. 171, 1901 ; 
J. E. Stead, Jbttffi. 8oe, Ohm, Ind., 17. 1111, 1898 ; MetaOografihiit, 1. 
179, 1898 ; 2. 314, 1899 : a. Gharpy, ibid., 1. 87, 192, 1898. 



Pig. 19.— Sar&ce of Lamellar Peaclite. (F. ( 



Fig. 20.— SucfnoB of Granular Pearlite. (E. Heyo.) 
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when another reoalesoence point occurs (Ari). No 
other noteworthy change occurs as the system cools 
down to the normal temperature of the atmosphere. 
Other alloys containing di£ferent amounts of carbon 
furnish a set of curves quite analogous to the freezing 
curyes of salt water and of silyer-copper alloys. But 
with iron these changes take place in the «oZti cooling 
metaL 

If the alloy contains less than 0*89 per cent, of 
carbon there is a separation, or, better, segregation of 
ferrite ; if the alloy contains more than 0*89 per cent 
of carbon, there is a separation, not of carbon, but of a 
chemical compound of carbon with iron, called normal 
iron carbide, or cementite, and represented in 
chemical symbols by FcsC. Cementite contains 6*9 
per cent, of carbon. The separation of cementite 
occurs along the curve BF (Pig. 18). We are there- 
fore dealing with a mixture of ferrite and of cementite. 
The eutectic alloy contains 13 per cent, of cementite 
(t.6. 0*89 per cent, of carbon) and 87 per cent of 
ferrite — roughly, six of ferrite to one dP cementite. 
The microscopic appearance of the eutectic reminds 
one forcibly of other eutectic mixtures. The eutectic 
mixture of cementite and ferrite is called pearlite, 
owing to the fact that it generally shows the rainbow 
tints of mother-of-pearl under microscopic treatment 
Sorby called it the ^^ pearly constituent " of steel. 

Fig. 19 shows a fine specimen of lamellar pearlite 
obtained from a steel containing 10 per cent of carbon. 
The black streaks are ferrite. Fig. 20 shows a specimen 
of what is sometimes called granular pearlite, from a 



* AooGrding to H. le Ohatelier, /otim. JFron aiid 8Ud Intt., 61. i 
40, 1902, there are two or three anotrq)ic forms of cementite. 
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fefged fa«r <rf cmctUe steel canteiiimg 0*92 per cent, 
of cttboiL It 18 magnified 1240 times. 



§ 14. Colour Names for High Temperatures 

I always speak of tempeiatores on the centigrade 
sealeu For reference porposes I will give a scale of 
conesponding centigiade and Fahrenheit tempera- 
tures, and also the colour names as determined by 
White and Taylor with the Le Chatelier pyrometer.^ 
These results ate said to be more accurate than 
Pouillet*8 old numbers. 

The ooloor names do not really correspond with 
any particular temperature^ but rather with a certain 
range of temperature. The results, too, depend upon 
so many external fectois — ^physical and physiological — 
that different numbers might be obtained by different 
obserrers, and by the same observers at different times. 




Ooloor 



Dark blood led, Uaok red, indpient red, rouge 

miiflsaiii. 
]>adc red, blood red, low red, rouge sombre. 
Dark cheiry led, ineipie&t cheny red, oeriBe naisMiit. 
Medium oherry red. 
Oherry, full red, oenae. 
light oheny, Inright cherry, Bcaling heaV light red, 

oerifleouor. 
Orange, aalmoa ; free soaling heat, orange fono^. 
Liffht orange, light sahnon, orange clair. 
Ydlow. 
light yeUow. 
White, Uano. 



» M. White and P. W. Taylor, MdaUo^raplM, 8. 41, 1900 ; H. M. 
Howe. »«., 8. 48, 1900; 0. S. M. PoniUet, Oompf. Bcwd., 8. 784, 1886. 

' Scale forms and adheraif^A does not fall away from the piece 
when cooled in air. 
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Theie is also a colour scale of temperatuies used in 
the tempering and annealing of iron. The colours are 
due to the formation of a thin film of oxide on the 
surface of the metal 



®c. 


®F. 


Ooloiir luunei. 


220 


408 


Faint yellow. 


230 


446 


Steaw Yellow. 
Bxownuh yellow. 


255 


491 


265 


509 


Purple brown. 


277 


531 


Purple. 
Violet. 


280 


586 


288 


550 


Light blue. 


293 


559 


Dark blue. 


316 


601 


Blaokish blue. 


400 


732 


Black. 



THE CONSTITUENTS OF IRON 

AND STEEL 



§ 15. Eutexia 

The phenomenon of eutexia, as we have seen, plays 
a most important part in the structural changes which 
take place during the cooling of iron. Figs. 11, 12, 
and 16 abbreviate in one diagram the cooling curves 
of every possible mixture of the two components con- 
cerned. Eleven cooling curves of silver-copper alloys, 
containing various proportions of the two metals, are 
shown in Fig. 21 ; and when arranged in this manner 




Timt 

Fig. 21.— Set of Cooling OnrveB of Ag-Oa Alloys. 

you can see the genesis of the eutectic diagrams with- 
out further study. 

26 
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I hope that you can tiace the analogy between the 
freezing of salt water, the solidification of silver-copper 
alloys, and the cooling of steel bars. Let me attempt 
a comparison of the cooling of steel with the freezing 
of a solution of salt and water, leaving you to extend 
the comparison to the solidification of the copper-silver 
alloy. 



Solution of salt and water. 



1. — ^Larger per oent. of water than 
the enteotic mixture. Orjfh 
tals of ioe in oryohydrate. 

2. — ^Larger per oent. of lalt than 
the enteotio mixture. Grys- 
talB of ealt in oryohydrate. 

8. — Same oompoeition as enteotio 
mixtare (23| per cent, of 
aalt). Solidifies at -22^ aa 
network of ioe and salt, i.e. 
of the oryohydrate. 



Iioii-eaiiMm alloy. 



1. — ^Larger per cent of iron than 
the enteotie mixture. Oryt- 
talB of ferrite in pearlite. 

2. — Larger per oent of oarlnde 
than enteotio. Graina or 
hands of oementite in pear- 
lite. 

3. — Same oompoeition as enteotie 
mixture (0-9 per oent. of 
oarfaon). System oonilsts en- 
tirely of lamellar or granular 
pearlite. 



§ i6. The Relative Proportions of Ferrite, 
Cementite, and Pearlite 

The remarkable analogy which obtains between 
the constitution of steel and of a crystalline igneous 
rock was first pointed out by H. C. Sorby, of Sheffield, 
in 1864.^ In granite, for instance, we have certain 
specific constituents of definite chemical composition — 
mica, feldspar, and quartz; while in the iron-carbon 



^ H. 0. Sorby, B. A. Seporti, ii. 189, 1864; L 139, 1865; Joum. 
Iran and SM ImL, 29. i. 140, 1886 ; 88. i. 255, 1888. «< Steel," said 
Sorby, ** muat be regarded aa an artificial oryatallized rook, and to get 
a complete knowledge of it, it muat be regajfded aa auoh." 
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alloys there ore also two well-defined oonstitiients — 
ferrite or pare iron, cementite or iron carbide — and 
the eatectio miztare, peulite. 

All three oonstitnents were disooTored by Sorby, 
Bad their present names were suggested by Howe. They 
segregate from the cooling solid according to the laws 
just outlined, and they can be readily seen when a 
polished snr&oe of the alloy is examined under the 
microscope If lo^ tracts of ferrite be present, the 
alloy contains less than 0*89 per oent. of carbon ; while 
if lu'ge Bi«aB of cementite be present, the alloy contains 
more than 0*89 per cent of carbon. Fig. 22 shows 



Fio. 22. (After A. Banvenr.} 

diagrammaticolly the relation between the percentage 
of combined carbon, and the percentage amoonts of 
tiie oonstitnents — ferrite, cementite, and pearlite— in 
various steels and oast irons. The diagram shows, for 
example, that a steel containing 0*5 per cent of carbon 
has nearly 58 per oent of pearlite, and 42 per cent of 
ternia ; cast iron containing 8'S per cent of carbon haa 
62 per cent of pearlite, and 38 per cent, of cementite. 
Eutectic, or saturated, steel, composed wholly of 
pearlite, has 09 per cent of oaibon ; a steel contAining 
less thfm this amotmt of carbon is said to be a hypo- 
eutectic, or unsaturated, steel ; while if the steel 
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has more than 0*9 per cent, of carbon, it is said to be a 
hyper-eutectiCy or supersaturated, steel. 

NoTB.^To ooHoiiUiAe fta ammid of pea/rUU and excsm fmriU or 
dflNsen hmhokUU in fteeZ oowUUfiing a given pereeniage of carbon^ mbuii* 
ing that the iron has been cooled slowly, so that eyerything is in 
eqaiHbritun. The fornral» are dednoed by the ordinary methods 
lued in chemioal compatations. 

I. — EypoeuieeHe or wuaiwraUd $leel$ (ferrite in exoess). 

Peroentofoementiteinpearlites: 15 Kpereentof oarbon . . (1) 

„ forrite in pearlite =s 6*4 x per cent, of cementite • . (2) 

,. pearlite = per cent ferrite + per cent, cementite. . (8) 

„ excess ferrite s 100 — per cent, pearlite .... (4) 
„ total ferrite = per cent, excess ferrite + per cent. 

ferrite in pearlite (5) 

IL — EuUeUe mMU (0'9 per cent, of carbon), pearlite alone present* 
Only (1) and (2) is req^nired for the calculation. 

III. — HfpereuieeUo or i»]^&r9oAwra!ted $ieeU (cementite in exoess). 

Per cent, of total oementite = 15 x per cent, of carbon • . • . (6) 
„ ferrite in pearlite = |100 — per cent, of total oementite (7) 
„ oementite in pearlite = per cent, of ferrite 4- 6*4 • . (8) 
„ pearlite ss per cent oementite -f per cent ferrite . . (9) 
„ oonentite in excess = per cent, total oementite— per 

cent in pearlite •.•.•••...•. (10) 

ExAHFLSS.— (1) A low carbon steel has 0*1 per cent, of carbon. 
What are the percentage amounts of the oonstitaents? Obvionsly the 
ferrite will be in exoess, and there will be— 

15 X 0*1 = 1*5 per cent, of cementite in pearlite. 
6*4 X 1*5 = 9-6 per cent of ferrite in pearlite. 
1*5 + 9*6 s 111 per cent of pearlite. 
100 - 11*1 = 88*9 per cent of ferrite in excess. 
88*9 + 9*6 = 98-5 per cent of total ferrite. 

(2) Oalcidate the percentage amounts of the Tarious constituents 
of white cast iron containing 2 per cent of carbon. The oementite will 
be in exoess, and there will be— 

15 X 2 = 30 per cent, of cementite. 

100 - 80 s 70 per cent of ferrite. 

70 -»- 6*4 s 10*9 per cent of oementite in pearlite. 

10*9 + 70 =c 80*9 per cent, of pearlite. 

80 — 10*9 ss 19*1 per^cent of cementite in excess. 
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§ 17. Graphitic, Hardening, and Cement Carbon 

Molten iron can dissolve as much as 7 per cent, 
of carbon. The amount dissolved depends upon the 
temperature. At the eutectic temperature, between 
1100'^ and 1200^ the molten solution contains 4*3 per 
cent, of carbon ; and the eutectic mixture when solidified 
has 2*3 per cent, of carbon in the form of graphite. 
The carbon which is rejected as the molten solution 
cools is called graphitic carbon. The separation of 
graphitic carbon goes along the line BF (Figs. 24 
and 25). 

Graphitic carbon is found almost exclusiyely in 
cast iron. It is not acted upon by boiling hydro- 
chloric acid, nor by nitric acid (sp. gr. 1*2). The 
graphite which is formed during the solidification of 
the alloy is generally in the form of thin plates or 
flakes, often one-eighth of an inch or more in thickness, 
as shown in Fig. 23, which represents a specimen of 
grey pig iron with 0*72 per cent, of silicon, magnified 
90 diameters. The rounded areas consist of cementite 
surrounded by depressed pearlite. 

About 1822, Faraday and Caron noticed that the 
carbon in quenched and annealed steels, containing 
no graphitic carbon, exists in two distinct fonns. One 
kind, called hardening carbon, escapes as hydro- 
carbon gas when steel is digested with dilute hydro- 
chloric or sulphuric acid ; the other form of carbon — 
cement carbon, or cementite carbon — is left as an 
insoluble residue when steel is digested in the acids 
just named. Cement carbon dissolves in dilute nitric 
acid to form a brown solution, which is utilized in the 
well-known Eggertz's colour test for combined carbon.^ 

^ ■■ 11 ^« ■■ I ■ 1^1 ■■■■■■ — I II. M ■ I I -■ ■ ■»■ 111. I I ■■ I I ■■— ■ ■ ■ I ■ — ■■»■■— ■ »■■■■ ■■-■ ■--■.-■ 

> H. Jftptner yon Jonstorff, /oum. Jron ancl SlUd IraL, M. i. 248 » 



Fio. 23.— Graphite in Grey Pig Iron. (E. Hejn.) 
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It is interesting to notice that the presence of 
chrominm in steel seems to stimulate the formation of 
hardening carbon, and to preyent the latter passing 
into cement carbon. The special property of chrome 
steels is extreme hardness. Chromium appears not to 
confer hardness upon steels in the absence of carbon. 

We do not know in what form hardening carbon 
exists in steeL It may be simply a solid solution of 
carbon in iron. What is a solid solution ? 



§ z8. Compounds, Mixtures, and Solutions 

There are two special features about chemical com- 
pounds which it is weU to notice. The elements which 
make up a chemical compound are so completely 
merged one in the other as to form a new substance 
having properties qnite distinct firom any of its com- 
ponents. Neither by the microscope nor by any other 
known means is it possible to detect the components 
of the compound so long as the compound retains its 
individuality. In copper oxide, for example, the com- 
ponents — copper and oxygen — are absolutely indis- 
tinguishable. The compound is quite homogeneous. 
The second feature is that the elements are combined 
together in certain fixed and definite proportions. In 
black copper oxide there are 63*5 parts of copper for 
every 16 parts of oxygen; in red copper oxide, 127 
parts of copper are united with 16 parts of oxygen. 
Copper and oxygen unite in no other proportions. 

On the other hand, in glass, the lime, soda, and 
silica are united together so as to form a perfectly 

1897 ; JfetoOogropftwe, 1. 154, 1898 ; Report with A. A. Blair, G. 
DiUner, and J. £. Btead, /oum. Iron anA 8Uel Inst., 66. ii. 221, 1904. 
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homogeneous mass. The oonstitaents are merged to- 
gether as if the glass w«re a tnie chemical oompoond. 
But glass does not satisfy the second criterion. The 
constituents can be mixed in many different proper* 
tions. The amounts of silica or lime can be varied 
between wide limits and still produce glass. Glass 
may be called a solid solution in contradistinction to 
ordinary liquid solutions, like whiskey and water, or 
salt and water. Solutions satisfy the first but not the 
second mark of chemical compounds. 

The components of an ordinary mixture are not so 
completely merged as in diemical compounds. The 
constituents of a mixture can generally be separated 
by mechanical means, and they may be mixed together 
in any proportions we choose. In a eutectic mixture, 
howeyer, tiie constituents are mechanically mixed to- 
gether in fixed and constant proportions. To summarize, 
a giyen substance may be — 

" * \Doflmte proportuma Buteotio imz|pxe. 

Hamnffcm /Ooe component Element 

^""^ tMo»tlu«one/;>^P~P-^ i-- ; ^^^^^ 

llndef. piopoft.|g^J^ Q^^^ solution. 



The terms '* isomorphous mixture" and ** 
crystals " are not to be used in place of *' solid solu- 
tion." Isomorphous salts are those which furnish 
crystals having the same shape or form ; isomorphous 
substances will frequently crystallize together to form 
single crystals, called mixed crystals. 

A solidified solution, although it be a solid, may 
yet retain the essential characteristics of a liquid 
solution.^ Of course, a solidified solution is not 



^ y. Botfamnnd, Z^U. phi^ CftMi.,96. 483, 1897. 
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necessarily a solid solution. As a general rule a solvent 
can dissolve more of any constituent the higher the 
temperature. At any given temperature there is 
usually a limit to the amount the solvent can dissolve. 
If a solution is saturated at any given temperature, 
then, on cooling, the solution will reject all in excess 
of the maximum amount it can dissolve at the lower 
temperature. The solution theory of carbon-iron 
alloys affirms that — 

1. Molten carburized iron is a solution of carbon in 
iron. 

2. The solidified mass is a solid solution. 

8. The molten and solid solutions obey the laws of 
ordinary fluid solutions.^ 



§ 19. The Solidification of Molten Iron 

Let us examine in more detaU a freezing solution 
of carbon and iron. The freezing curves are shown in 
Fig. 24. If molten iron containing less than 4^ per 
cent, of carbon be cooled, a solid solution of carbon in 
iron begins to separate along the line AP (Fig. 24). 
This solid solution of carbon in iron is called 
martensite, in honour of the German metallurgist, 
A. Martens.^ There is a complication. The solid 
solution of carbon in iron which separates is not a 
definite chemical compound. The iron will not retain, 
in solid solution, more than 2 per cent, of carbon, 
whereas the molten mass may have as much as 4^ per 
cent, of carbon. We have a new curve {AQy Fig. 24). 

1 A. B. Stansfield, MekJlographia, 8. 24, 300, 1900 ; Joum. Iron 
and sua Im^, 66. u. 169, 1899 ; 68. iL 317, 1900. 

* W. C. BobertB-Aasten, MdaUograpMit^ 8. 186, 1899. 

D 
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The ^bscissay at any point on the curve AQ^ represents 
the oompositions of tiie solids which separates when the 
Bolutum has the composition represented by the 
abscissae of the curve AP corresponding with the same 
ordinate. For example, the solid which separates at 
the temperature OT has the composition T8y while the 
composition of th^ freezing HqtUd is represented by 
TR The eutectic mixture which separates at P' con- 



2000* 




Fio. 24.— Fusibility Carves of Ixon-Oarbon AUoys. 



sists of graphite associated. with martensite having. the 
composition represented by MQ. As the iron cookk^^ 
down from the eutectic temperature OM, the solid 
martensite rejects more carbon. The curve QN is the 
solubility curve of carbon in iron. When the tem- 
perature falls to 1000% the solid solution, martensite, 
only contains O-W— that is, 1*8 per cent, of carbon. 
The carbon which separates out from the solid metal 
at temperatures below the point of solidification is 
usually in the form of a very fine powder, and it is 
called temper carbon, temper graphite, or anneal- 
ing carbon. Graphite, you will remember, is an 
allotropic modification of carbon. 



^ 
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Boozeboom ^ has collected the lesnltB depicted in 
diagtsms Figs. 18, 22, and 24 into one diagram, 
shown, slightly modified, in Fig. 25. Here P is the 




Fig. 25.^Diagrainmatio. (After H. W. B. Booseboom.) 



entectio point of Fig. 18, and P of Fig. 24. Fig. 25 
may be taken provisionally to represent the relation 

^ H. W. B. Boozeboom, S^t Phys, Chem., 84. 437, 1900; improved 
in Zeit mektroohem., 10. 489, 1904; MetdUograplMy 8. ^a, 1900; 
H. le ChateUer, ibid., 8, 290, 1900 ; 4. 161, 1901 ; F. Osmond, 4. 150, 
1901 ; H. Jilptner von JonstozflE; ibid,, 5. 210, 1902. 
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between the varioiui oonstitaents and the temperatare, 
when the system is in stable equilibrimn.^ Owing to 
the lack of soitable measnrements, some of the cnrves 
are only approximately known. After what has been 
said, I think one example will be sufficient to illustrate 
the use of the diagram. Take a steel with 0*14 per 
cent, of carbon. Solidification commences at a and 
finishes at h ; from & to e we have a solid solution of 
carbon in y-iron ; at c ferrite begins to segregate from 
the solid solution in the form of j3-iron ; at d the iron 
passes into the a-form, while the solid solution still 
segregates a-iron, and at the same time becomes richer 
in carbon. The separation c^ a-ferrite continues until 
the point e is reached. The system then contains 
a-iron or a-ferrite, and a solid solution of carbon in 
iron, or hardenite, with 0*89 per cent, of carbon. The 
hardenite at a passes directly into pearlite. 

Let us now follow the changes which take place ad 
a molten solution of iron with 4 per cent, of carbon 
cools down to ordinary temperatures, forming cast iron 
with 4 per cent of carbon. 

Begton I. — In region J. we have a mixture of 
molten solution and solid martensite with 2 per cent, 
of carbon. 

Hegion II. — This solidifies into martensite with 
2 per cent, of carbon, and graphite on passing into 
region If. There is no cementite formed in this 
region, because cementite decomposes into iron and 
graphite at about 1000^. 

It is interesting to notice here that the presence of 
sulphur or manganese retards, while that of silicon 



^ H. 0. H. Oaipenter and B. F. E. KeeUng have «»a»nt>fil thia 
experimentally (/onm. Inm and 8M JmC, #7, i. 224, 1904> 
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stuxiTilates, the separation of graphite.^ The silicon 
might act as indicated in the chemical equation ' — 

FegO + Si = PeaSi + C(graphite) 

An iron relatively free from silicon, and rich in sulphur 
or manganese, will have little free graphite; while 
iron rich in silicon and comparatiyely poor in sulphur 
and manganese will be suffused with firee graphite. 
Hence the manufacturer can play silicon and sulphur 
against one another in order to preserre a uniform 
percentage of graphite. If the amount of sulphur is 
great, the amount of silicon should be augmented, and 
vice versa. 

Begion III. — As the temperature cools down into 
region UJ., the graphite which was produced in 
regions I. and If. combines with iron to form 
cementite, and at the same time the martensite is 
resolved into cementite and martensite with 0*9 per 
cent, of carbon, or Arnold's iron subcarbide (Fcs^O). 

Begion TV. — As the temperature cools down into 
region IV. the iron subcarbide decomposes into pearlite. 
The cementite in the final product thus comes both 
from the decomposition of the martensite and the 
carbon which is rejected as the molten solution of 
carbon in iron cools in region J. 

But the phenomenon of surfusion plays a part. 
Passive resistance may interfere with the above 
sequence of changes, and we may get grey, ultra grey, 
white, or malleable cast iron from the same solution. 

i. Qrey Cast Ir<m. — Here the sequence of changes 

1 G. Ghaipy and L. Grenet, MetdOographiit, 6. 202, 1902 ; W. J. 
Keep, Oagt Iron, New York, 1902. 

' W. Oampbell, Jbum. Inm and 8UtH Iiwf., 69. i. 211, 1901. 
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is intemipted in region ///. The transfonnation of 
the iron and graphite of region 11. into cementite is 
suppressed. The consequence is that the 2 per cent, 
of graphite which was present in region II. is still 
found in the final product. The cementite of grey 
cast iron is therefore wholly derived from the decom- 
position of martensite with 2 per cent, of carbon. 

ii. Ultra Orey Cast Iron. — ^H^e, owing to the 
presence of foreign substanoes, like silicon, the sepa- 
ration of graphite is greatly stimulated ; so much so 
that the maribensite passes directly into ferrite and 
graphite. The final result is a mixture of ferrite and 
graphite. 

iii. White Cast Iron. — The formation of the eutectic 
mixture, martensite and graphite, in region J. is sup- 
pressed. We have instead a supersaturated solution 
containing 4 per cent, of carbon dissolved in iron. 
The martensite so formed passes unchanged into region 
IL ; but it is decomposed into cementite and ferrite 
on passing into region ///. The final product is, 
therefore, a mixture of pearlite with cementite in 
excess. There is practically no free graphite. 

iv. MaUeabU Cast Iron. — In malleable castings, 
white cast iron is heated in a bed of iron oxide, '^ mill 
cinder," for five or six days in region II. (Fig. 25), so 
that the graphite which would have separated if the 
castings had been slowly cooled has time to segregate. 
The iron oxide removes the graphite near the surface 
of the casting, thus — 

FesO* + C = 8Fe0 + CO. 

Part of the carbon from within diffuses outwards, and is 
removed as before. The net result is a casting of grey 
cast iron with about 01 per cent, of combined carbon. 
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The remaining carbon exists in the form of fine 
particles of free graphite — Ledebnr's temper carbon, 
in fact. The particles are so small that there is little 
danger of wec^ening the casting, as must occur when 
coarse particles separate, in the ordinary process of 
manufacture of cast iron. The adyantage of malleable 
castings is that the cost of conyersion into steel is 
ayoided, and they are neither so weak nor so brittle 
as white or grey cast iron. 

When the cooling metal is suddenly quenched, 
various transitional forms are produced, which haye 
receiyed special names — ^hardenite, martensite, sorbite, 
troostite, and austenite. Metallurgists are by no 
means all agreed as to the identification of the 
different forms ; some are denied the right to the name 
** constituent." 



§ 20. Martensite, Hardenite, and Austenite 

We haye already met with martensite as the solid 
solution of carbon in iron which separates during the 
solidification of molten iron. It may contain as much 
as 2 per cent, of carbon aboye 1130°; but, as the 
solution cools, cementite gradually separates out, and 
the remaining solid solution of carbon becomes poorer 
and poorer in carbon. The separation of cementite 
continues until the solid solution has 0*9 per cent, of 
carbon. This is the eutectic mixture which segregates 
into pearlite. Some reserye the term martensite for 
the unsegregated eutectic mixture containing 0*9 per 
cent, of carbon.^ 



1 J. O. Arnold and A. M'WiUiam, /otim. Iron and Sted Imt,, 50. 
i 85, 1899; MMOographist, 8. 278, 1899; A. SanTOur, ibid^ 8. 305, 
1899. 
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Osmond gives the following relation between the 
amounts of ferrite and martenaite in a steel containing 
0*14 per cent of carbon, and 0*19 per cent, of man- 
ganese when quenched at different temperatures. 



Quenched at 


Martenilte. 


Ferrite. 


«€. 


Per cent. 


Per cent. 


1340 


90 


10 


1000 


61 


39 


820 


46 


54 


770 


24 


76 


670 


14 


86 



Is the unsegregated eutectic a chemical compound ? 
Arnold thinks that it is a definite compound, and calls 
it iron subcarbide (^et^\ or hardenite. Others 
think that we are dealing with a compound of cemen- 
tite with iron in the form of ^ iron of crystallization " 
(FesO . 21Fe), analogous to the water of crystallization 
in crystallized sodium carbonate (NasCOs . lOHgO), or 
the '' alcohol of crystallization " in CaCls . 4CH80H. It 
is supposed that, below the Ari critical point, the 
martensite with 0*9 per cent, of carbon dissociates into 
ferrite and cementite. The term martensite thus in- 
cludes both the unsegregated eutectic containing 0*9 
per cent, of carbon (Arnold) and the solid solution of 
hardening carbon in iron (Osmond). 

Martensite is best formed when a steel containing 
0*2 to 0*8 per cent, of carbon is cooled from above the 
Ars critical point (830^) slowly to the Arg point (730°), 
and then suddenly quenched in a freezing mixture at 
— 20°. Martensite has the appearance of interlacing 
needles, shown in Fig. 2Q, whidi is a specimen of soft 
rail steel. Fig. 27 is a specimen of hardened tool 



ITio. 26.— Hsrteiuite. (G. Meyn.) 



Fio. 27.-H»rdenite. (El. Hey a.) 
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crteel. It is frequently yery difficult, if not impossiblei 
to detect the crystalline structuie of martensite in 
properly hardened steel. 

When the steel has just the eutectic proportion of 
carbon, namely, 0*9 per cent., the martensite is called 
hardenite, and, by Arnold, iron subcarbide (FomO) ; 
while if there is a greater amount of carbon than this, 
say 1 to 2 per cent., the result, on quenching, is a 
mixture of hardenite with a softer constituent, called, 
by Osmond, austenite, in honour of W. C. Boberts- 
Austen. Austenite is said to be so soft that it can be 
scratched with a knitting needle. Some deny the 
existence of austenite altogether. Fig. 28 shows a 
specimen of steel containing 1*57 per cent, of carbon, 
in which barbed plates of hardenite are embedded in a 
matrix of the alleged austenite. 

KoTi.— To iraoe the 9iructural ehangei in the eompoHUon oj an 
aUoy oontaining 4*5 per eent, of carbon a$ it eooU down from above 
IISO**. (Tiemann.*) 

Above 1190° the carbon in ezoefls of 4*3 per cent separates as 
graphite. There is 95*5 per cent, of pure iron, and if this has 4*3 per 
cent, of carbon it wiU haye 4*3 x 95*5 -f- 100 s 4*1 per cent. 

/. 4*5 — 4*1 = 0*4 per cent graphite separates at 1130°. 

At 1130°, the entsctio of graphite with martensite containing 
8 per cent, of carbon separatee. There is 95*5 per cent of iron, and 
this has 2 per cent of carbon; and 2 x 95*5 -4- 100 = 1*9, 

•*• 4*1 - 1*9 3 2*2 per cent graphite separates at 1130°. 

Between 1130° and 1000° the percentage of carbon in the martensite 
diminishes from 2 to I'S per cent Hence, since 1*8 x 95*5 -»• 100 s 
l*?, we haye 1*9 — 17 = 0*2 per cent of carbon. 

.-. Total graphite s 0*2 + 2*2 + 0*4 = 2*8 per cent 
Martensite » 100 * 2*8 s 97*2 per cent 

> H. P. Tiemann, MMUographid, 4. 313^ 1901. 
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Below 1000^ martensite oombineB with gn^hite to fonn cemen- 
tite:— 

MarteoBite (with 1*8 per cent, of oarbon) + graphite = Fe,0. 

Gementite has 6*7 per cent, of carbon, and, therefore, to oonyert all 
the ferrite to cementite, we require 67 X 95*5 •¥ 100 = 6*4 per cent 
of carbon. This would make ta total of oyer 100 per cent The 
martensite already has 1*8 per cent of carbon, and hence, 6*4 — 1*8 = 
4*6 per cent, more oarbon is needed to convert the 97*2 per cent, of 
martensite into cementite; bnt only 2*8 per cent, of graphite are 
ayailable, hence the 2*8 per cent, of graphite will form 2*8 X 97*2 -i- 
4*6 = 59*2 per cent, of cementite; and 100 — 59*2 = 40*8 per cent, of 
martensite will remain. 

Below 690^ the martensite forms pearlite and cementite. Pearlite 
has 0*9 per cent, of carbon, and cementite 6*7 per cent. Let » denote 
the percentage of pearlite, and y that of cementite, 

.-. aj + y = 40*8 ; 0*9» + 6*7y = 1*8 X 40*8 ; 

hence, x s= 34*5, y = 5*3. Hence, the total oementKe is 59*2 + 6*3 = 
65*5 per cent. The percentage amounts of cementite and pearlite can 
also be calculated by the rule given on p. 29. 



§ 21. Sorbite and Troostite 

If the temperature at which the pearlite segregates 
be hastened by quenching the hot metal in lead^ the 
pearlite loses its well-defined lamellar appearance, and 
we get what is called sorbitic pearlite, or sorbite, 
after the pioneer worker on the microstructure of steel, 
H. C. Sorby. Sorbite is unsegregated pearlite, a 
transitional form between martensite and pearlite. A 
specimen of sorbitic pearlite magnified 1500 diameters 
is shown in Fig. 29. The specimen contained 1 per 
cent, of carbon. Some hold that what we hare called 
granular pearlite, Fig. 20, is really sorbite. Whatever 
sorbite may be, it is not homogeneous. 

There is another transitional form between 
martensite and pearlite rather difiicult to prepare. 
It is produced when a metal containing about 045 



Fia 28.— Harfenite in Anatenite, (F. Oamoad.) 



Fio. 29.— LamelUr Sorbite. (F. Osmond.) 



Fro. 30,— Troostito. (F, OBinond.) 
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per cent, of carbon is cooled down to the Ari point 
(690^) and quenched in water at atmospheric tem- 
perature.^ This constituent is called troostite, after a 
celebrated French chemist, L. Troost. A specimen of 
troostite embedded in martensite is shown magnified 
about 1000 times in Fig. 80. The steel contained 
0'45 per cent, of carbon. 

There are, therefore, two transitional forms between 
the martensite and pearlite stages of cooling steel. 

Martensite *> trooetite -> sorbite -> pearlite. 

Many metallurgists maintain that troostite and sorbite 
only refer to particular patterns which the con- 
stituents of the cooling alloy assume when the metal 
is quenched under special conditions. I dare say that 
it would be possible to get an infinite number of 
gradations between martensite proper and pearlite. 
All we can say is that two predominating patterns are 
called troostite and sorbite. 

To prepare troostite, Le GhateUer recommends the heating of a 
steel bar containing 0*9 per cent, of carbon in a furnace, and leaying 
the other end free, so that the variation of temperature is uniform 
throughout the whole length of the bar. After quenching, find the 
points of medium hardness by means of a file, and, on suitably etching 
them, the untiansformed pearlite will be found separated from the 
completely transformed pearlite by a zone of troostite. 



§ 22. The Phase Rule 

The relation between the pressure and volume of 
a gas confined in a vessel at any fixed temperature is 
given by the well-known law of Boyle: pressure 
X volume is constant. If suitable units are chosen, 

^ H. 0. Boynton, /oNm. Iron and 8M ItMl, 67. i. 262, 1901. 
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we may write p x v ^1. K the pressure be 0'5 
units, the yolmue mtist be 2 units. If not, the gas 
will either expand or contract until the product pXv 
is unity. The equation p x t; » 1 is called the con- 
dition of equilibrium for the gas. There is another 
relation of a similar nature which enables us to see 
whether the components of a mixture are those neces- 
sary for equilibrium. This condition of equilibrium is 
csdled Gibbs' phase rule. 

Before describing the phase rule it will be well to 
fix special meanings to three terms-component, phase, 
and degree of freedom. 

The components of a mixture are those entities 
which are undecomposable under the conditions of the 
experiment, and which take part in the reaction. The 
components of a mixture may either be elements, or 
^^undecomposable" compounds which behave in the 
given system as if they were elements. The com- 
ponents of an aqueous solution of salt are sodium 
chloride (NaCl) and water (H2O); copper and anti- 
mony are the components of copper-antimony alloys ; 
iron and carbon are the components of steel. 

The components of a system may group themselves 
in various ways. They may pass from one physical 
state to another, as when water boils or freezes ; they 
may combine with one another in various ways, as 
when antimony and copper form copper antimonide 
(CusSb) ; they may form simple solutions, as when salt 
dissolves in water. Every homogeneous state — solid, 
liquid, or gaseous ; element, compound, or solution — 
which the components may produce is called a phase. 
The phases of a system are the physical states in which 
the components exist. A eutectic is not a phase. 

If a gas be confined in a vessel, the volume t;. 
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temperature T^ and pressure py are related by the oon* 
dition of equilibrium (p x t; = 2T). If only one of 
these variables is fixed, say the yolumei the state of 
the system will remain undefined, because the yapour 
may yet retain the fixed volume, while the temperature 
and pressure have very different values. Two of the 
three variables must be known before the state of the 
system can be defined unequivocally. If, say, both 
the volume and the temperature are fixed, the remain- 
ing variable, |>, can only assume one definite value. 
The two fixed variables are said to be arbitrary or 
independent variables; the third, which can be 
calculated from the equation of equilibrium when the 
other two are known, is called a dependent variable. 
Another term for independent variable is degree of 
freedom. The above-described system has two degrees 
of freedom. 

A system consisting of liquid water and water 
vapour can be defined by the two variables pressure 
and t^tnperature. So long as liquid water is present 
the pressure of the water vapour is determined solely 
by its temperature. The state of the system is 
defined by two variables ; one is the dependent vari- 
able, the other the independent variable. In other 
•words, the system has one degree of freedom. 

If ice, liquid water, and water vapour all exist 
together none of the three variables can be changed 
without destroying one of the phases. In consequence 
the system has no degrees of freedom. 

The variabiUty, variance, or degree of freedom of a 
system is the number of independent variables which 
mnst be fixed before the state of the system can be 
unequivocally defined. The degree of freedom also 
shows whether a system can survive an arbitrary 
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yariation of any one of these three variables without 
passing into some other condition* 

If a system has no degrees of freedom it is said to 
be invariant; if it has one degree of freedom, 
univariant; if two degrees of freedom, bivariant; 
and if the yariance of the system be greater than this, 
multivariant. According to Gibbs' phase rule, a 
system will be in equilibrium when it has C - P + 2 
degrees of freedom, where denotes the number of 
components, and P the number of phases. If F 
denotes the number of degrees of freedom of the 
system, then we may write the phase rule — 

p=0-P + 2 .... (1) 

If, for instance, a system has two components and four 
phases, it will haye 2-4 + 2 = degrees of freedom, 
and the system will not be able to suryiye any 
yariation of temperature, pressure, or in the concen- 
tration of its components. A one-component system 
cannot be in equilibrium if four phases are present^ 
because the system cannot haye less than no degrees 

of freedom. 

In the application of the phase rule to alloys it is 
usual to neglect the yapour pressure, and to consider 
only two variables, volume or concentration, and 
temperature. Hence the phase rule assumes the 
simpler form — 

P = 0-P + 1 . . . . (2) 

We may now apply the pjiase rule (2) to a number of 

examples. 

Molten hypoeutectic steel is divariant; the com- 
ponents are iron and carbon; the phase is a molten 
solution. The same steel solidified at ISOO"" is also 
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diTarianty with the same components, and the phase 
martensite. At about 720^ the phases are martensite 
and ferrite; hence the system is nniyariant below 
720^ At 690'' the system has the phases martensite, 
ferrite, and cementite ; the system is inyariant. The 
pearlite present is not a phase. If the same steel be 
suddenly cooled from above 690^ the phases are also 
martensite, cementite, ferrite ; the system is therefore 
inyariant, neither the temperature nor the concen- 
tration of the system can be altered without breaking 
up the system. As a matter of fact, the system is in 
an unstable condition. The test for the stability of 
a system is to find whether the system can suryiye 
a small change of temperature. Inyariant systems 
cau only be in eqixiUbrinT-stable eqniUbrinm-when 
each yariable has one fixed and definite yalue. There 
is only one particular temperature, for example, at 
which the two phases ice and water can exist together 
in the same system. 



fifjBtflm. 



Freezing water 
Freezing aodiom 

tbioBnphate 
Aqueous sol. of salt . 
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phate 
Water, salt 
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One solid, one liq. 
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tite, graphite 
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graphite 
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Invariant. 
Invariant 

Bivariant. 

Bivariant. 
Univariant. 

Invariant. 

Univariant. 

Invariant 

Invariant 
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Granite is oompoBed of the minerals mnsoovite 
(EaO . SAlsOs . 6Si02), qnarts (SiOsX and orthoclase 
(EaO . AI^8 • 6Si02). The components are silica, 
alaminai and potash; the phases are the three solid 
minerals ; hence the system is muyariant, and it is in 
eqnilibrinm. 

A. Findlay's Ths Phcise Bale and its ApplieaH&ns, 
London, 1903, is a text-book devoted to this branch of 
chemistry. 

•BygmrraM, — (1) Find the peroentageof pearlite and exoeas fenite 
in medium oarbon steels oontaiiiing 0*3 and 07 per oent of carbon 
lespeotlTely. AnM. 88 and 67 ; and 78 and 22. 

(2) An alloy oontaining a liigh percentage of graphite is lequized. 
If the qartingpii, owing to their thinness, or from the natnie of the 
moidd nsed, are expected to cool rapidly, why should the percentage of 
silicon be incroased? Am. To stimnlate the formation of graphite, 
since rapid cooling retards the separation of graphite. 

(3) Trace the changes which steels containing 0*4, 0*8, and 1-6 
per cent of carbon undergo as they cool slowly from the molten 
condition. 

(4) Find the total ferrite, and total cementlte in a low carbon steel 
oontaining 0*2 per cent, of carbon. An$. 97 and 3. 



THE HARDENING, ANNEALING, AND 
TEMPERING OF STEEL 

§ 23. General Properties of Hypo- and Hyper- 

eutectic Steels 

The mechanical properties of iron-carbon alloys are 
closely connected with the relatiye amounts of the two 
elements. The relation between the percentage of 
carbon in an alloy and the tenacity in tons per square 
inch is indicated ^ in the following table : — 

Percent, of carbon = O05 01 0*2 04 06 ' 0-8 I'O 1-3 
Tenacity . . = 2500 26-0 810 360 430 680 600 440 

The gradual increase in the tenacity of the metal as 
the amount of carbon approaches the eutectic pro- 
portions is brought out very clearly. The results are 
shown graphically in Fig: 31. 

Cementite is a very brittle substance^ harder than 
glass, while ferrite is as soft and as ductile as copper. 
The relatiye proportions and the distribution of these 
two constituents in any alloy must affect its mechanical 
properties. In hypoeutectic steels the presence of 
an excess of ferrite renders the metal ductile and 
tenacious. On the other hand, in hypereutectic 

> H. M. Howe, Eng. and Mining Joum., 241, 1887. 

49 £ 
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steels, the presence of an excess of cementite 
diminishes the ductility and tenacity of the metal. 

In a chisel which has to be subjected to blows, 
there should be no structurally free cementite. Chisel 
steels, in consequence, contain approximately 0*9 per 
cent, of carbon. A cutting file which has to withstand 



^ 
^ 


1 / 


^ 


V 


1 


/ 




\ 




r 












• 



60 

SO 
40 

30 

^^0 04 08 l'2%CARB01f 
Fig. 81.— Tenacity of Iron-Caibon AUoys. 

but little shock may have a little free cementite — say, 
5 per cent, excess cementite — or 1*2 per cent, of carbon ; 
while a razor which has no shock to meet, and wants 
essentially a keen cutting edge, may have as much as 
10 per cent, of excess cementite, or 1*5 per cent, of 
carbon. The brittleness of such a steel is not a serious 
objection. 

When the metal has 2 or more per cent, of carbon, 
the resulting alloys are called cast irons.^ White 
cast iron, for example, has so much cementite that it 
cannot be filed or drilled with ordinary tools. In 
white cast iron the carbon is principally in the form 
of cementite. By heating white cast iron to a suitable 



' H. M. Howe, MMOoffrofkia, 4. 177, 1901 ; 6. 208, 1908 ; Emoyo. 
BrU. 88. 570, 1902. 



—White Cast Iron. (F. Popplewell.) 
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tempeiature (region Il.y Fig. 23), the eementite is 
decomposed into free graphitic carbon. The resxdt is 
grey cast iron, in which the carbon is not combined 
with the iron, bat is present in the form of graphitic 
carbon. The effect of free graphite on the properties 
of the alloy is only mechanical. It destroys the con- 
tinuity of the metal, and so renders it liable to fracture 
under the influence of mechanical stresses. Grey cast 
iron is soft enough to be filed, drilled, and subjected 
to other mechanical operations. Figs. 32 and 23 
represent the microscopic appearance of white and 
grey cast irons respectiyely. The dark spots on 
Fig. 32 consist of pearlite ; the lighter portions are 
eementite. 



§ 24. The Influence of Rate of Cooling 

The structure and properties of steel and cast iron 
may be profoundly modified by the rate at which the 
metal is cooled from a high temperature. Two pieces 
of steel haying exactly the same properties, chemical 
composition may have entirely different physical 
properties. The hardness, tenacity, and other proper- 
ties of the metal depend upon the relative proportions 
of the allotropic modifications of iron, and of mar- 
tensite, ferrite, and . eementite present in the metal; 
and these proportions, in turn, depend upon the rate 
of cooling. There is a particular temperature at which 
the speed of the transformation of hard martensite 
into soft pearlite goes on most rapidly; and if the 
metal be cooled down past this temperature before the 
hard martensite has time to pass into soft pearlite, 
then the passive resistance to further change becomes 
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so great that any farther change is arrested, and the 
properties of the hard martonsito will predominate. 
On the other hand^ if the metal be cooled down past 
this critical temperature very slowly, the martensite 
will pass inte pearlite, and the properties of the metal 
will be altered accordingly, llie physical properties 
of steel thus depend upon — 

(1) Ite chemical composition ; and 

(2) The heat treatment te which it has been 
subjected 

The sole object of hardening, tempering, and 
annealing steel is to make the metal pass through the 
yaiious critical temperatures with the proper velocity ; 
in other words, the different transformations which 
take place at the critical points are arrested when the 
constituents are distributed in the proportions neces- 
sary to confer upon the metal the required degree of 
hardness. When it is remembered how dependent the 
rate of cooling of a mass of metal is upon external 
conditions — specific heat, thermal conductiyity, eto., 
of the quenching fluid — ^it is easy to see liow so many 
empirical directions for the tempering of steel for 
special purposes have crept into metallurgical practice. 
The belief in the efficacy of special nostrums and 
solutions persists eyen at this day. But I think that 
it would be difficult to mateh the two following 
receipts for quenching liquids taken from a book of 
trade secrets publiidied about 1530.^ In the first you 
are directed to boil snails in rain water collected in 
the first two months of the harvest. Bed-hot iron 
quenched in this resulting liquid is said to be as hard 
as steeL The author suggests the altematiye recipe 

' I 1 . I —^—^m' II III, 

^ W. 0. BobertB-Aosten, A% hiJ^od'wMmk to the Study of MMUurgy, 
147, London, 1902. 
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which I give in his own words : '^ Ye may do the like 
with the blood of a man of XXX years of age, and of 
a sanguine complexion, being of a merry nature and 
pleasant • • . ^ distilled in the middst of May." 

In passing, another point may be noticed. For 
the uniform tempering of a mass of metal it is neces- 
sary for the whole mass of metal to undergo the same 
variations of temperature. This is hardly possible in 
practice, because the cooling must go on through the 
outer surface of the metal, but the rate of cooling 
increases as the ^qyiiO/re of the surface, while the total 
quantity of heat to be removed increases as the evhe 
of the mass of the metal. Hence the rate of cooliug 
diminishes as the size of the specimen increases. A 
specimen may even be so large that real hardening 
becomes impossible. The mass cannot be cooled fast 
enough. 

Although the properties of an alloy are closely 
connected with its chemical composition, yet there is 
much useful information to be obtained from a micro- 
scopic study of the metal which can be obtained in no 
other way. Knowledge gained by the microscope is 
not expected to supplant, but rather to supplement 
the results of the chemical analysis and of the 
mechanical and physical ,tests. It is indeed possible 
that in the near future specifications will be made out 
for steel with stated amounts of the above-named con- 
stituents, sorbite, pearlite, ferrite, etc., when certain 
specified properties are required. A metal with a 
large amount of sorbite, fo^ example, is particularly 
tenacious, and metallurgists have therefore investigated 
the best heat treatment for retaining a maximum 
amount of sorbite in the specimen. Hence we have 
^'sorbitic steel rails;" and the so-called ^'patented 
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wire" alloys, which, by a special treatment/ have a 
large percentage amount of sorbite. The valued wear* 
ing qualities of gun-barrels, tires, and armour-plates 
are enhanced when the sorbite content is high. As 
an example, Sauyeur and Boynton ^ state that a steel 
with 0*55 per cent of carbon, cooled from 1150^ has 
these property 



How oooled. 


PrevflUIng 
ooDstltuenl 


Slasttc limit, 
lbs. per 8q. Inch. 


Tenidtj. 
lbs. per 8q. inch. 


Infdmaoe . 
Inair. . . 


Pearlite 
Sorbite 


39,901 
55,000 


81,162 
99,979 



§ 25. The AUotropic Modifications of Iron 

Besides all this, the relative proportions of the 
three allotropic modifications of iron (p. 14) play an 
important purt. Gramma iron is said to be as hard as 
chilled steel, while alpha iron is soft and ductile. The 
properties of beta iron are not very well known, but 
they are supposed to be intermediate between the 
properties of y- and of a-iron. Let me summarize the 
probable properties of the three allotropic forms of 
iron. 



AUotroplo form. 


Nonnal limits 
ofstablUty. 


Hagnefcic 
properties. 


Hardness. 


DnotUity. 


Alpha, or a . 
Beta, or /3 . 
Ganuna, or 7 


680° - 645° 
755° - 710° 
845° - 800° 


Magnetic 

Xon-magnetio 

Non-magnetic 


Soft 

Hard 

Hard 


Ductile. 

Brittle. 

DnotUe. 



> J. E. Stead, /ottm. Irwi and Steel In$t., 64. U. 141, 1903. 
* A. Sanyeor and H. G. Boynton, MetaUographiU^ 6. 148, 1908. 
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The critical points are yery mnch affected by the 
presence of foreign sabstances. The influence of 
carbon is shown roughly in Fig. 33. The three 
critical points, Ari, Ara, hi^ gradually converge into 
one critical point, at about 690", as the percentage of 
carbon increases. 




Time 



Wiut Tirm 

Mild Bted Medium Steel 



Pure Iron MOdSUd Medium Steel Ear d Steel 

Fio. 33.~Th6 Inflnenoe of Carbon on the Oritioal Points. 



The effect of adding carbon is to increase the 
stability of hard y-iron. Pure y-iron is very unstable 
at ordinary temperatures, and it passes rapidly back to 
normal a-iron at ordinary temperatures.^ But if a 
little carbon be present the rate of transformation is 
reduced ; and if the y- or a-iron be suddenly cooled 
the transformation of the hard y-iron to the soft a-iron 
goes on very slowly. The rate of transformation is 
then fastest at 690^ and gradually slows down to zero 
as the metal cools down to the temperature of the 
surrounding air. 

Still more remarkable effects are produced by 

> H. M. Howe, Mineral Industry^ 8. 380, 1900; A. Sauyeur, 
MetaUogra^iet, 1. 27, 1898 ; H. le Ghatelier, ibid., 1. 52, 1898 ; T. M. 
Lowrj, Teeknioif 1. 450, 1904. 
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alloyiiig the metal with manganese, nickel, chromium, 
and tungsten. These elements may lower the Ari 
point from 690^ down to atmospheric temperatures or 
less. In air- or self-hardening steels discoyered by 
B. Mushet the transition temperature is brought down 
to ordinary atmospheric temperatures by alloying the 
metal with carbon, tungsten^ and manganese. Again, 
the presence of 35 per cent, of nickel brings down the 
transition temperature of 7-iron to a-iron as low as 
0*^ C. — ^the freezing-point of water. A steel of this 
kind maintains its cutting edge at a much higher 
temperature than ordinary carbon steeL In the high- 
speed or rapid-cutting steels^ these qualities are 
much enhanced by yariations in the composition of 
the alloy and suitable heat treatment. There are 
about fifty brands on the market, and all are com- 
pounds of iron and carbon with (i.) tungsten and 
chromium ; or (ii.) tungsten, chromium, and molybde- 
num ; or (iil) molybdenum and chromium. 

In the non-expansive alloys, or "invar" alloys 
of iron, containing about 36 per cent, of nickel, dis- 
covered by A. E. Guillaume,^ the transformation of 
y-iron to a-iron is just beginning at ordinary tem- 
peratures. Now a-iron occupies a greater volume than 

^ J. M. GledbiU, Teo&nica, 1. 591, 1904; 8. 17, 1904; J. T. Niohol- 
Bon, Aid., 1. 84, 1904. 

* £. H. Saniter, UfMlografU^ 1. 251, 1898 ; G. Gore, Vroc, Rotf. 
Boe., 17. 260, 1869 ; W. F. Barrett, PhU, Mag, [4], 46. 472, 1873 ; F. 
Osmond, Cbmp<. iiend., 128. 304, 1899; 118. 532, 1894; Hopkinson, 
Froe. Boy. Boe., 48. 1, 442, 1890; H. le Chatelier, Ckmpt, Bend., 110. 
283, 1890 ; 111. 454, 1890 ; A. E. Gnillamne, ibid., 184. 176, 1515, 
1897; 126.235, 1897; 126. 738, 1898; MetaOographiit, B. 162, imS ; 
NatwrSf 71. 134, 1904 ; Lei ApplicaiionB dee Aden au Niekd aveo un 
Appendiee eur la Th^itrie des Aeien au JVtc^.Paris, 1904; E. Dumont, 
Compt, Bend., 126. 741, 1898; B. A. Hadfield, Joum. Iron and Steel 
Iwt., 64. U., 14, 1908. 
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y-iron. The iransfonnatioii from one allotropio fonn 
to the other is spread over a oertain range of tem- 
perature. The normal expansion or contraction of 
iron, as the temperature rises or falls, is just connter- 
balanced by the decrease or increase in yolmne as iron 
passes from the a- to the y- condition, or in the 
reverse direction. Hence it is not necessary to com- 
pensate for the effects of temperature in clock 
pendulums and in geodesic measuring instruments. 
A similar state of things obtains with the elastic 
properties of nickel steels, and we are promised nickel 
steel hair springs for watches, which render it unneces- 
sary to employ compensated balance-wheels. 

If ordinary steel be melted with 8 per cent, of 
manganese and 2*5 per cent, of nickel, the result is a 
non-magnetic steel.^ There is no break in the 
cooling curve. The explanation is that the non- 
magnetic y-iron has not passed through its critical 
points at the ordinary temperatures. A steel with 
25 per cent, of nickel does not begin to show mag- 
netization at 0"^ C, but if cooled in liquid air the 
transformation of y-iron to a-iron takes place very 
quickly, and the iron becomes magnetic. 

Magnetization is not a property peculiar to the atoms of the 
Bo-oalled magnetio elements; rather does it seem to he dne to a 
peonliarity in the arrangement of the atoms in the moleoale, or of the 
molecules themselyes. If it were posslhle to make the molecules or 
atoms of the other elements assume the peculiar arrangement which 
is the cause of their magnetic properties, then we might make copper, 
brass, etc., magnetic. This has been done by Heusler.* ^loys 

1 L. Dumas, Omyi. Bend.y 129. 42, 1899; MetaUographigl, 3. 48, 
1900; F. Osmond, ibid,, 1. 266, 1898; 2. 136, 1899; W. F. Barrett 
and W. Brown, Teehnics, 1. 123, 1904. 

' F.Heusler, Ueber die ferromagnetisdhen Etgeniehaftenvon Legier^ 
wnqen wimaortMMiofter MetaUe : Marburg, 1904. 
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oontaining the non-magnetio elementB, copper, 60 per oent. ; manganese, 
26 per cent. ; almnininm, 14 per cent., are magnetio — ^the so-called 
Eensler's magnetio alloys. What is more, if the magnetic iron be com- 
bined with Heasler's alloy, the alloy loses its magnetic properties ! 



§ 26. Annealing, Tempering, and Hardening 

of Steel 

But let us return to the iron-carbon alloys. When 
steel is suddenly cooled from above the Ara to the Ari 
it becomes very hard. A lot depends upon the per- 
centage of carbon. If 1 per cent, of carbon be present, 
the steel is nearly as hard and as brittle as glass. Low 
carbon steel is, however, not much affected. 

The hardness and brittleness increases with the 
rapidity of cooling. For example, the cooling of a 
mild steel containing 0*1 per cent, of carbon furnished 
the following numbers : ^ — 



CkwUng agent. 


Hardness. 


Soda solution (20^) . . 
Brine (20^ .... 
Cold water (20<') . , 
Woodtar(80°) . . . 
Boiling water (100°) , 
Lead (350°^ . . . 






202 
156 
149 
121 
118 
112 









Hardness before quenohing = 99. 

Still further, it does not matter very much from 
what temperatures the cooling begins provided it is 
above the critical range, 720^ This follows from the 
subjoined tests, due to Arnold,^ with steel containing 

> I. A. BrineU, /oum. Iron and Steel Inst, 69. i. 269, 1901 ; H. M. 
Howe, Iron, Steel and other AUoys, Boston, 225, 1903. 

* J. O. Arnold, Engineering^ 64. 49, 1897 ; F. Osmond, MetdOo* 
graphiet, 8. 80, 1899. 
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0*07 per cent, of carboiL The metal was quenched in 
brine at 5° 0. 



Qaenobedat 


Tsnadty tons per sq. faiolu 


918° 


314\ 


887** 


32-6 ( 


820° 


29-5 ( 


780° 


29-8; 


650° 


26-6 


600° 


230 \ 


625° 


22-5 


400° 


220 


15° 


21-4; 



The explanation is based upon the fact that the 
hard martensite has not time to change into the rela- 
tively soft pearlite when the steel is suddenly cooled. 
The rate of change from martensite to pearlite at 
ordinary temperatures is extremely slow. If steel, 
quenched at ordinary temperatures, be heated, the 
changes which were arrested are resumed; and the 
nearer the steel be heated to 600° the more rapid 
the change. Steel is annealed or softened whetL 
heated for some time at as low a temperature as 230^ 
or 300^ 

Steel is tempered at 230° when great hardness is 
desired^ and the metal has no shock to meet, as in 
the case of razors. If the brittleness of this tempering 
is objectionable, as in the case of chisels and cutting 
tools which have to withstand certain shocks, such as 
blows from a hammer, the steel is tempered at a 
higher temperature, say 300°. But this tempering is 
at the expense of hardness ; the loss of hardness is the 
price paid to get rid of brittleness. 

> P. Longmtiii, TAAnidt, 1. 888^ 1904 ; 2. 568, 1904; 8. 82, 1905. 
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The object of annealing is to render the metal 
toughy soft, or ductile. This is done by diminishing 
the abnormal qualities the metal acquired through 
hardening and mechanical working. The metal is 
annealed by heating it to the Aci critical point, and 
keeping it at that temperature a sufficient length of 
time to change the '^ hardening carbon'' to '^ cement 
carbon/' and the hard into soft allotropic iron. When 
the efiSdcts of hardening have been removed by heating 
the steel to the Aci point — ^it is quite immaterial 
whether the steel be slowly or quickly cooled — ^the 
metal will be annealed. In fine — 

(1) lEojiih critical point is aceompanied by stmeturdl 
changes, whieh begin and end mth it. 

(2) No change in the structural composition takes 
place m a range of temperature where there is no critical 
point. 

(3) Sudden cooling serves to fix the structure possessed 
by steel immediately before cooling. 



§ 27. The Law of Mass Action 

Let A denote the state of true equilibrium of steel 
below the Aci critical point ; B the apparent state of 
equilibrium which is prevented by passive resistance 
from passing into A. Obviously, A is annealed steel 
— ^the state of true equilibrium below the Aci point ; 
B is hardened steel — the state of true equilibrium at a 
high temperature above Aci. K steel be slowly cooled, 
the successive stages in the transformation firom B to 
A are effected without hindrance; but if steel be 
quickly cooled, the brake of passive resistance is in 
full activity before the passage from B to A is 
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coxapletecL Suppose that 10 per cent, of B has passed 
into A before the brake of passive resistance is suffi- 
ciently powerful to prevent any further change, then, 
if the temperature be raised to 230% the brake is 
relaxed, and, say, 10 per cent more of B passes into A. 
The remaining 80 per cent, is preyented &om passing 
into A by the passive resistanoa Again, by raismg 
the temperature to 800% the brake will be si^ciently 
relaxed to allow a little more of B to pass into A ; and 
generally, the higher the temperature, the less the 
passive resistance. At Aci the brake appears to be 
sufficiently relaxed to allow the whole of B to pass 
into A. 

This analogy must not be pushed too fiur. For 
this reason. If the passage from B into A below the 
Ari obeys the laws of all chemical changes, then at 
any fixed temperature the velocity of the transfor- 
mation of B into A, at any instant, will be proportional 
to the amount of B remaining to be trani^ormed into 
A. This is the law of mass action. By ^'amount" 
is meant the number of grams of B per unit volume. 

Let a denote the amount of B originally present, 
and X the amount which has already been transformed 
at any given instant, t ; then a^x will denote the 
amount of B yet remaining to be transformed into A. 
The law of mass action may now be expressed in 
symbols, the velocity of the reaction — 

where £ is a numerical constant, whose value depends 
on the conditions of the experiment, the magnitude of 
the passive resistance, the temperature, etc. 

It is easy to see that the velocity of the trans- 
formation must slacken down as time goes on. To fix 
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the idea, let k be nnityy and the Amount of a be 
100 grams. At the beginning of the action the 
velocity will be F =s 100 grams per hbnr ; but when, 
say, 10 per cent, has been transformed, F will be 
90 grams per hour ; when 10 per cent, of B remains 
untransformed, the velocity of the reaction will be at 
the rate of 10 grams per hour. When we say that 
'^ at 230^ the passive resistance is relaxed so that 10 
per cent, of B passes into A," the meaning is that 
when 10 per cent, of B has passed into A the rate of 
transformation of the remainder of B is too slow to 
affect the temper very materially when the metal is 
heated for a short time at the given temperature. It 
is reasonable to suppose that a more or less prolonged 
exposure at 100^ would anneal hardened steel just as 
effectually as a shorter exposure at a higher tem- 
perature, and that, if the heating at lOO*' were con- 
tinued long enough, the whole of B would pass into A. 

Those who are familiar with the calculxiB wUl see that the yelodty 
of the reaction shoold be written 

-^ = &(a — ») ; or, SB =5 a(l — e"**)* 

When aU B has passed into A, we have a = » ; bnt this can only 
happen after the elapse of an indefinite length of time. See J. W. 
Mellor, Ohemt'oal SUUios and Dynamic*, London, 1904. 

§ 28. Theories of Annealing and Hardening 

The constitution of steel may thus be viewed from 
two important aspects — 

J. ITie Allotropio Changes of the Iron itself. — ^The 
explanation which emphasizes the allotropic changes 
in the iron is known as the allotropic theory.^ 

1 H. M. Howe, MetailographiH, 1. 150, 1898. 
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Osmond ^ has dealt particularly with this phase of the 
work. The hardening of suddenly cooled steel is 
supposed to be due to the presence of hard 7- or 
/3-iron. This state of things is favoured by the presence 
of foreign substances, like carbon, nickel, etc. But 
we do not know if other elements, in the absence of 
carbon, will effect similar changes in iron. Carbon 
seems to play an essential part in the action. But 
other explanations have been suggested. 

JJ. The Belaiicns between Iron and Carbon. — ^Ac- 
cording to the carbon theory,^ the whole of the facts 
observed during the hardening of steel can be ex- 
plained on the assumption that carbon exists in the 
two states — ^hardening carbon and cement carbon — 
already described. The cause of hardening by sudden 
cooling is due to the retention of carbon in the 
hardening state. This view does not explain the 
critical points in the cooling curve of pure iron, and 
the accompanying changes in, say, the magnetic 
properties of the metal. 

'It has also been suggested that the hardening of 
suddenly cooled steel is due to the presence of hard 
carbides of y or j3-iron, which are decomposed at the 
critical points if the steel be cooled slowly ; but, if 
cooled quickly, passive resistance sets in before the 
carbides have time to decompose. This is the so- 
called carbo-allotropic theory of Howe.^ 



^ F, Osmond and J. Werth, Compt. Bend,, 100. 450, 1885 ; Annales 
dM Mines, [8], 8. 5, 1885 ; F. OBmond, ibid,, [8], 14. 1, 1888 ; F. Osmond, 
TramformaUont du Fer et du Oarbone dans Us Fers, les Aoiers el Fontes 
Blanches: Paris, 1888. 

* A. Ledebur, Joum. Iran and BUd Inst^ 44. ii 53, 1893; StahL 
und JBHsen, 14. 523, 1894 ; 17. 302, 436, 1897. 

* H. le Cfaatelier, MetaUographistf 1. 52, 1898. 
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J. O. Arnold^ has develeped an interesting ex* 
planation^ which is known as the subcarbide theory. 
The points of this theory are as follows : In eutectic 
or saturated steel there is only one critical point, Ari, 
which marks the passage of pearlite into an homo- 
geneous mass corresponding with the empirical formula 
Fes^C. There is no eyidence to show that this sub- 
stance changes at higher temperatures, or that carbon 
separates from combination with the iron and passes 
into a solid solution of elementary carbon in iron. On 
dissolying this material in acid, practically the whole 
of the carbon is evolyed as hydrocarbon ga& 

In hypereutectic or supersaturated steel, with, 
say, 1*4 per cent, of carbon, the pearlite changes into 
hardenite at about 700°, but the cementite only 
dissolves in the hardenite above 900°. 

With unsaturated steel containing, say, 0'2 per 
cent, of carbon at the Axi, 700% ^^ the pearlite areas 
pass into hardenite ; " at the Ara, 750% point '' the 
hardenite areas dissolve in the beta ferrite ; " at the 
Ars point '^ there is a dilation of iron like that of water 
at 4° C." 

The terms "beta" and ''gamma" are used in the sense 
of a range of temperature, and not of allotropic modi- 
fications of iron. Arnold lays no stress on the Axg 
and the Ars points. Tensile tests made on bars of 
iron containing 0*2 per cent, of carbon, and quenched 
in iced brine at temperatures ranging from atmo- 
spheric up to 1000° in an atmosphere of nitrogen, 
showed that the tenacity increased from about 500° to 
950° proportionally with the quenching temperatures. 
There was no marked increase in the tenacity at the 

> J. O. Arnold, /oiirfi. Iron and BM ifwi., 49» i. 814, 1894. 
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Ar2 or the Arg critical points. The hardening of steel 
by sudden cooling is supposed to be due to the 
retention of hard subcarbide. 

Let us, then, compare the explanation offered by 
the allotropic solution theory with Arnold's subcarbide 
theory for the condition of carbon in cooling iron. 



Tempentnre. 



Aboye Ar, • . 

■BiA AX^ • • • • 

Bet. Ar, and Ar, 
Bet. Ar, and Ar, 
Below Ar| . . 



Alloferoplo theory. 



Solid 80I. carbon in 7-iron 

y-iron -> /^-iron 

solid Bol. carbon in i9-iion 

/B-iron *> o^-iron 

Solid Bol. carbon in o-lron 

3Fe + *> Fe,G 

Ferrite and cementite 



SabcarUde tlieory. 



SoL of bardenite in iron. 
Maximnm density of sol. 
SoL of bardenite in iron. 
Segregation of FosfG. 
Segregated bardenite. 
Fe^O -> Fe,C + 21Fe. 
Ferrite and cementite. 



I have frequently laid stress upon the fact that we 
can apply the ordinary laws of liquid solutions to the 
solidified solutions of carbon in iron. This has led to 
the use of the term '^ solid solution/' as previously 
mentioned. We are indebted to Boberts- Austen for 
developing the subject on this side. I have treated 
the carbo-allotropic theory from the point of view of 
the theory of solutions, and summarized the results in 
Fig. 25. It would be an easy matter to reset the 
diagram so as to summarize Arnold's interpretation of 
the facts. I do not suppose for one moment that any 
of these hypotheses is dressed up in its final form. 
Sach one has its weak and its strong points. All are, 
or ought to be, agreed as to the facts. But metal- 
lurgists are yet only groping for the true explanation. 

Many attempts bave been madelto calculate tbe molecular weight 
of carbon, or of tbe carbides dissolyed in iron. It is sbown in UlemenU 
of Phyneal ChemMry tbat tbe lowering of the freezing-point of any 

F 
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iolntion below that of the pure solvent it dbpectly related to the 
moleciilar weight of the digtolyed BubBtance by formnlflo resembling 

''-,,, ... . . weight of snbstanoe 

Holecokr weight = oonatent X deprelon of freeziiM^point 

On this yiew» fbr instance, it is possible to decide whether oarbon 
disulphide dissolved in methyl alcohol is present as GS^, 0(84, 
OtS,, . . . Chemical analysis only shows; that the relative proportions 
of : S = 12 : 64. So it has been songht whether the carbon is 
dissolved as C, G,, G„ . . ., and whether the carbide is dissolved as 
Fe,C, Fe,G„ Fe,0„ ... in solutions of carbon in iron. The resnlts 
cannot be accepted without reservations.^ 

— — »» — »— »-^«l . I ll II l« ■ ■■! I I I — »^ II I I I II It 

1 H. Jtiptner von Jonstorff, Jowrn. Iron and Steel Intt,^ 56. i. 204, 
1899 ; 57. i. 219, 1900. 



Pro. 34.— Crystal of Ferrite. (D. TBohemoff.) 



THE CRYSTALLIZATION OF IRON 

AND STEEL 

§ 39. The Crystallization of Iron 

We can all give a more or less crude guess of what is 
meant by a crystal. The word is generally associated 
with a definite and regular ext^hial form which has 
been produced spontaneously, and not artificially cui^ 
The octahedral and needle-shaped crystals shown in 
Figs. 1 and 2 are examples. Then again, in Fig. 34, 
we have the beautiful crystal of ferrite photographed 
from a crystal 15 cm. (or 15 inches) long, which 
Tschemofif found iu a cavity of a cast steel ingot. 
But it is not always so easy to decide whether a sub- 
stance is, or is not, built up of crystals. In Fig. 35» 
for example, you see the microscopic appearance of a 
section from a bar of pure Swedish iron. It is gene- 
rally supposed that the lines in the diagram represent 
the sur&ces of contact of one crystal with another, and 
that the crystals have not had sufficient space in which 



^ J. B. stead, /ovrti. JfOfioml iSlM ifift, 58. i. 145, 1898 ; Metatto- 
graphid, 1. 289, 1898 : F. Osmond, AnmaleB dea Mine$, [9], 17. 110, 
1900; MetaOogra^ist, 8. 181, 275, 1900; with G. Ohartand, ibid., 4. 
119, 236, 1901 ; Annales de$ Mines, [9], 18. 118, 1900 ; D. TBchemofT, 
MdaUographi9i, %, 74, 1899. 
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to develop their regular crystalline form. The result 
is a compaot mass of irregular-shaped crystals, called 
crystalline grains, or simply grains. The metal 
appears as if it had been built up in the form of a 
mosaic with irregularnshaped stones. We know that 
iron is a crystalline substance. Pure iron has been 
prepared in the form of cubic crystals represented in 
Fig. 36. But in studying the structure of alloys, the 
crystals are usually so ill-defined and imperfect that it 
is impossible to decide from their external shape 
whether they be true crystals or simply amorphous 
grains. But we can leave this question with those 
more particularly interested. 



§ 30. The Development of Crystalline Grains 

The junctions of the crystalline grains of pure iron, 
shown in Fig. 35, and of pure copper, shown in Fig. 
37, are typical of pure metals ; but when impurities 
are present the crystals of the pure metal, in the act 
of crystallizing, reject the impurities which collect at 
the crystal boundaries. The particles of pure metal 
slowly migrate and coalesce together, so as to form 
little islands surrounded by the impurity. Accordingly, 
in the solidified mass we find the crystals of pure metal 
enveloped by a film of the metal associated with the 
foreign substance. This investing membrane separates 
the crystals of pure metal one from the other. Ob- 
viously the mechanical and physical properties of the 
alloy — ^tenacity, ductility, elasticity, electrical con- 
ductivity — will depend upon the character of the film. 
The mass of pure metal, for example, may be quite 
ductile like gold, while the mass of metid with the 



Fifl. 35.— Pure Swedish Ituti. 



Fia. 36.~Cabio CryBtals of Iron, (J. E. Stead.) 



Fra. 37.— Pnra Copper. (After J. O. Arnold.) 



Fio. 38.— Copper-biBtnuth Alloy. (After J. O. Arnold.) 
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impurity may be quite brittle, as Arnold ^ found to be 
the case with an alloy of gold with 0*2 per cent of 
bismuth; and copper containing 0*5 per cent, of 
bismuth. A diagrammatic representation of the latter 
alloy is shown in Fig. 38. The light bands surround- 
ing the grey patches ofpure copper consist of an alloy 
of bismuth and copper, and there is a distinct line of 
nearly pure bismuth between each band. The in- 
dividual crystals, when separated from the inresting 
membrane of bismuth and gold, were quite as ductile 
as gold, while the metal as a whole was as brittle as 
glass. 

Similarly with hypereutectic steels containing an 
excess of oementite above that required for the for- 
mation of pearlite. The pearlite behaves like a pure 
metal, and rejects the excess of cementite to the 
boundaries, so as to form a network of cementite in a 
groundwork of pearlite, as shown in Figs. 39 and 40. 
The former contains 1 "29 per cent, of carbon, the latter 
1*8 per cent In Fig. 40 the enveloping walls of 
cementite are much thicker than in Fig. 39, as you 
would expect from the percentage composition of 
carbon. The reason the network of cementite is light 
in Fig. 39 and dark in Fig. 40 is due to the fact that 
the illumination is direct in the former case, oblique 
in the latter. The whiteness or blackness of the lines 
depends upon the mode of illumination when the 
photograph was made. 

SometimeB the heayier constitaents of the cooling alloy settle at 
the bottom, and the lighter near the top. IcOi for example, rises to the 

1 J. O. Arnold and J. Jefferson, Efigineering, 61. 177, 1896 ; T. 
Andrews, ifnd,, 66. 411, 541, 733, 1898 ; MetaUographist, 2. 105, 1899; 
W. G. McMillan and B. H. Hoosman, Nattm, M. 171, 1896 ; F. 
Osmond and W. 0. Boberts-Ansten, PhU. ZVaiw., 187. 423, 1896. 
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Biirfaoe of freeiiiig water, and gn^hite oolleots in the f onn of beautiful 
platoft— known as '^kuih" — at the BorfiBMse of Oooling ultra-grey oast 
iron. 



§ 31. Grain Size and Fracture 

The fracture of a metal, or the broken surface which 
the metal presents, may be fibrous or crystalline. 
Experts can deduce a good bit of information from the 
appearance presented by, say, a fractured pig of cast 
iron. Each variety of steel has its own peculiar 
fracture. Wrought iron has a fibrous fracture, while 
high carbon steel has a characteristic porcelain-like 
fracture. 

The same piece of metal, however, may be broken 
so as to present very diSiwent fractures. Wrought 
iron, for example, if nicked on one side and gradually 
bent, gives a well-defined fibrous fracture ; while, if 
nicked on all four sides and suddenly broken, the 
fracture will be crystalline. But these are well-known 
"tricks of the trade/' 

The fracture, when performed under definite con- 
ditions, furnishes a true indication of the coarseness of 
the crystallization. The degree of coarseness of the 
fracture, or the avert^e size of the crystalline grains 
when a suitably prepared specimen is examined under 
the microscope, is called the grain size of the 
specimen. 

As a general rule, the smaller the grain size the 
better the steel, and we naturally ask : Is there any 
relation between the grain size and the highest tem- 
perature to which the steel has been heated in 
annealing ? 

For practical purposes the physical properties of 
steel may be taken to depend upon — 



Fta. 39.— Iron with 13 per cent. Carbon. (V. Popplewoll.) 



Flo. 40. — Iron with I'S per cent. Carbon. (F. Popplewoll.) 



Pro. 41.--Qr(iin Size Boquired at 900°. (J^ Iron Agt.) 



Fio. 12.— OntiD Bize aoqiiiied at 1200°. (T/ie Iron Age.) 

iTo fane p. 71. 
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(1) Chemical oompositioni t .«.> the relative amounts 
of other elements present ; 

(2) Distribution of constituents, f.6., the relative 
proportions of ferrite, cementite, etc., present ; 

(3) Size of groans. 

Here are a few tests, by Sauveur, on the relation 
between the size of the grain and the physical pro- 
perties of the same piece of steel : ^ — 



SlEe of grain 
in 0*0001 Bq. mm. 


Tensile sirength 
kilogrm. per sq. mm. 


Elongation 
per oent. of lengih. 


Reduction 
percent 


148 

118 

62 


69-6 

70-3 
77.7 


150 
190 
22-5 


20 
22 
85 



The relation between the average area and the 
tenacity is — 

Tenaoiiy = 75*5 - 0004 A. 

An experienced man can generally give a sur- 
prisingly accurate guess of the temperature to which 
the st^l has been heated, from the fracture, or &om 
the 'microstructure of the metal. Tschemoff and 
Brinell have observed that the higher the temperature 
of annealing the larger TEe Me^f jthe_grQin. This 
will be evident on examination of Campbell's diagrams. 
Figs. 41 to 43, which represent the appearance of soft 
steel when heated to the temperatures indicated : Fig. 
41 to about 900° ; Fig. 42 to 1200° ; and Fig. 43 to 



1 N. LJamin, Chem, Zeit^ dl. 205, 1899 ; BmmaJUriaUm, 8. 105, 
1899, finds the tenacity in different eteels raries directly as the siae 
of the pearlite grains-^at the same finishing temperature ; H. Jfiptner 
Ton Jonstorff, MetaiOographivt, 2. 222, 1899 ; 8lM wnd Ei$en, 19. 287, 
278, 1899 ; F. Osmond, Annale$ det Mine$, [9], 8. 153, 1900. 
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aboat 1300^ A similar result has been obserred 
during the crystallization of brass.^ The following 
are the more important generalizations which have 
been made : — 

J. 2%6 higher the temperature above the Aei point 
from which steel cools the larger the size of the grains, 
while if the Aci point is the highest temperature aHained, 
then the steel will have the finest possible structure which 
it can assume. Howe and Sauyeur^ seem to belieye 
that there is a definite relation between the size of 
the grain and the highest temperature to which the 
steel has been heated. For a steel containing 1-1 per 
cent, of carbon, this relation can be represented by the 
formula — 

T = 680 + 281,250 A 

where A denotes the actual area of the grain in square 
millimetres ; T is the highest temperature reached in 
the annealing furnace. Tschemofirs experiments do 
not quite tally with this formula at the more elevated 
temperatures, say 1400^ although at lower tempera- 
tures the agreement is satisfactory. The more exact 
law is given by the curve in Fig. 44. Let us illustrate 

> A. H. Ooote, TeehnicB, 8. 290, 1904 ; H. M. Howe, Iron, SM, and 
other AUoyt, BoBton, 250, 1904. 

' H. M. Howe and A. Sauvear, Eng, and Mining Joum,, 60. 587, 
1895; A. Sanyenr, Tran$. Amer. Inst. Mining Eng.^ 86. 863, 1896; 
MetaUographisty 8. 264, 1899; H. Juptner yon Jonstorff, 8tM und 
Eisen, 19. 237, 278, 1899 ; I. A. Brinell, Joum. Iron and Steel Jnst., 89. 
i. 865, 1886 ; MetaHographist, 8. 129, 1899 ; H. Fay and S. Badlam, 
ibid., 4. 81, 1901 ; J. E. Stead, Joum. Iron and Steel Inst., 68. i. 145, 
1898; 54. ii. 147, 1898; MetaUograpMst, 1. 289, 1898; 8. 85, 1899; 
0. H. Bisdale, ibid., 8. 64, 1900 ; Joum. Iron and Steel In$L, 68. i. 220, 
1898; 66. u. 102, 1899; E. J. Ball, ibid., 87. L 85, 1890; 89. i. 103, 
1891 ; J. O. Arnold, Proe. Iwt, Civil Eng.,l 123, 1895 ; D. Tachemoff, 
Proc. In$t. Meeh. Eng., 152, 286, 1880. 



Fio. 43.— Qrain Size acquired at 1300°. (The Irmi Age.) 
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its application to the specimen of steel for which the 
curye Ac-JP was determined ; BT^ that is OM^ repre- 
sents the size of the grain at the temperature OB. 

If the size of the grain is smallec.4haa. it should 
b e at any gi v6n teffipefature, then the grain will grow 
in size until it reaches the normal size indicated By 
tEe^ above law. Qn VIA OlhW hand,' If the grain is 
larger than thai which is characteristic of any particular 
temperature, the grain will wit shrink to its normal 
size. For example^ if the steel has the grain size 8P^ 
Fig. 44, at the temperature OB, the size of the grain 
will remain O-Jf, and will not shrink to ON. The 
slope of the curve will be different for different steels ; 
the steel represented in Fig. 44 contained 1*1 per 
cent, of carbon, and traces of silicon and manganese. 




QL 1 — ^ 

Fio. 44. 

The average maximum size of the grain at any 
temperature is the average size of the grain when the 
full sectional area is presented. In some places only 
part, or one comer of the grain is shown. Sauveur ^ 

^ A. Sauveur, Trans, Amor, iMt. Mining Eng., 2S. 546, 1893; 
Jawm, Iron and Steel Imt., 66. ii. 195, 1899 ; MetaUographiet, 2, 264, 
1899 ; B. G. Mono, ibid., 8. ISO, 1900 ; Trans, Amer. Tnst. Mining Eng,f 
29, 1900. 
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* 

ages the camera lucida planimeter for measuring the 
siae of the grains. Bisdale recommends a compeunson 
of photographs made on the same scale. Morse counts 
the number of grains in a measured area on the 
photography and takes the ayerage of as many different 
grains as possible. This is reduced to actual size on 
dividing by the magnification and the number of 
grams counted. 

If. If hardened or unhardeMd gkel he headed to the 
Aci eritieai pointy all previous erystaUine itrueture, houh 
ever eoao'se a/nd distorted, is Miterated and replaced hy 
the Jmest possible structwr^ which the metal can assume. 
This rearrangement of the size of the grains is called 
heat refining; The breaking up of the old structure 
is due to the change of cement into hardening carbon^ 
or of cementite to martensite, and to the diffusion of 
the carbon after these changes. The transformation 
of cement to hardening carbon is sudden ; while the 
passage from hardening to cement carbon takes place 
gradually^ and is accompanied by the evolution of 
heat.^ 

The law only applies to hard steels. ,With hypo- 
eutectic steels^ the old coarseness is not quite obliterated 
when the Acg point is reached ; and as the old struc- 
ture .being destroyed between the Aci and the Acs 
points, a new growth sets in. Consequently, hypo- 
eutectic steels cannot be refined so completely as 
eutecticy or hypereutectic steels, because the old 
structure cannot be effaced without permitting, at the 
same time, a considerable growth of the new. 



> J. E. stead, Joum. Iron and Sied Inst, 68. 1 145, 1898 : 54. ii. 
137, 1898 ; MetaUographiity 1. 289, 1898 ; L A. Brmell, ibid,, 8. 129, 
1899. 
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Stead ^ has shown that with very soft steels, oon- 
taming 0*25 per cent, to 0*12 per cent of carbon, the 
ferrite grains grow larger as the temperature rises 
aboTe 500^ and, instead of being refined, the grains 
continue growing as the temperature passes the Aci 
(TOO'') point, and continue growing until the Acs point 
is reached. No material increase in size then occurs 
until the Acs (900^) point is reached, when the former 
granular structure is broken up, and the steel is 
refined. T his shows how n^ ^v^fy \\ }° ^^ ftvmi^ 
heating soft steels for any length of time at a dull red 
(ab out 5p y^ 

127. If sted he heated for some time to a temperature 
jwt above 1000% the metals even mild steel, becomes very 
brittle, and acquires a coarse crystalline structure. The 
size of the crystals may be considerably reduced by 
quickly cooling the steel from the temperature of 
overheating although the brittleness still persists. 
Steel so affected is said to be overheated. The 
disease can be cured by heatuig the steel for a few 
days near the Acs (850^-900°) critical point.* 

There is an aggravated form of overheating pro- 
duced when the metal is heated to a temperature so 
near its melting-point that an evolution of gas occurs. 
This gas forces the crystalline gnuns apart, and so 
destroys the continuity of the mass. The gases are 
probably carbon monoxide, formed by the union of the 
occluded oxygen with the carbon of the steel, as well 
as hydrogen and nitrogen. The disease is called 
burning, and the steel is said to be burnt Burnt 



^ J. E. Stead, Joum. Iron and Bled Inst., 68. i. 289, 1898. 
* E. Heyn, Joum. Iron and 8UA In$i,, 63. u. 78, 1902 ; W. Camp- 
beU, iMd., 64. ii. 859, 1903. 
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steel is brittle both hot and cold; it has a coarse 
crystalline fracture, and a coating of oxide is frequently 
found on the faces of the crystals at the fractured 
surface. 

The cooling onrve of pure iron shows critical points at abont 400°' 
The effects are dne to the hydrogen occluded in the metal.^ It is 
interesting to notice that the presence of hydrogen gas diminishes the 
ductility of the metal, as yon can see by dipping two pieces of steel 
wire in dilute sulphuric acid (one of add to ten of water by weight) 
for half an hour, and keeping a third piece for comparison. The 
pickled wires are quite brittle. One of the pickled wires may be 
heated to 100° to show that when the hydrogen gas is driven off by 
heating, the metal regains its ductility. 

Burning is an incurable disease — at least so far as 
heat treatment is concerned. Heat treatment can 
only induce allotropic or chemical changes in the 
alloy ; it cannot close up actual fissures in the metaL 
Mechanical kneading and c(»npression by hammering 
and rolling is much more effective in closing up the 
cracks, especially if the oxidation is not very great 

Why do not ingots and castings bum as they pass 
through the burning range on cooling down from the 
casting temperature, whereas if a steel bar be heated 
to this temperature and then cooled — quickly or 
slowly — it is incurably burnt? We have seen that 
burning is caused by the oxidation of the crystal faces 
by the inward diffusion of oxygen. When a casting 
is cooling, the hydrogen dissolved by the metal is 
working outwards in such a way as to prevent the 
entry of oxygen; but steel bars made from these 
ingots, haying lost their hydrogen, have nothing to 

^ E. Heyn, M$m vinA StaMy 90. 837, 1900 ; MeiaOographid, 6. 39, 
1903 ; L. Romanoff, ibicLy S. 247, 1899 ; 8taM and Eisen, 19. 265, 1899 : 
for oxygen in steel. 
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prerent the infiltration of atmospheric oxygen between 
the faces of the crystals. 



§ 32. Influence of Mechanical Work 

The normal crystallization of steel generally leaves 
the metal in a state not well adapted for industrial 
requirements. But this structure may be broken up 
by the mechanical work of rolling and hammering the 
metal. The forging may be performed under two 
conditions : — ^ 

i. BxA work when the metal is forged above the 
critical temperature Aci. 

ii. Cold work when the forging is performed below 
the Ari critical point. If the temperature is rising 
from below the Ari point, then at temperatures between 
the Ari and the Aci points, the metal is being cold 
worked ; and hot worked if the temperature is falling 
from above the Aci point. 

The following are the more important structural 
changes which take place during the mechanical work- 
ing of the metal : — 

J. If the work is sufficiently vigorous to affect all 
parts of the mass, no crystallization takes place while the 
steel is being worked} 

IL Hot work has no direct action upon the structure 
of the steel, hut, as it retards erystdllization till a lower 
temperature is reached, it may influence structure in this 
way. Howe ^ explains the relation between the tempe- 
rature of the hot work and the size of the grain, 



> B. Job, MetdOographiH, 6. 177, 1902; S. S. Martin, ibid., 5. 191, 
1902 ; A. Sanyeur, ibid., 6. 197, 1902. 

* H. H. Howe, Iron, Sted, and other AUoyi, Boeton, 268, 1903. 
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somewhat as follows: If the steel is worked at a 
temperature OB (Fig. 45), the rollers break down the 
grain; aftor that, the crystalline grains grow along 
the line BG as the metal cools down. If the cooling 
mass be again rolled, the grain will be again broken 
np, and the size of the grain on sabseqnent cooling 
will be reduced to BE. The grain goes on growing as 
the metal cools along the line JBF, only to be again 
broken up when the metal is rolled again. This 
alternation of changes goes on as the steel passes 







J 6^sbg. 

Fig. 45. 



through and through the rollers. The result is the 
sdg-zag BOEF . . . HU. If the rolling ceases when 
the curve HI crosses the normal line OA, the size of 
the grain in the finished product will be OJ, Hence, 
the 8126 of the grain vnU be smaller the lower the Jinuh- 
ing temperatwre. The finishing temperature is the 
last effectiye rolling or hammering. 

The object of rolling is to expel slag ; dose up 
the blowholes and other irregularities. The metal 
will be softer the hotter it is, and less power will then 
be required to do the work. Hence it it is desirable 
to work the metal as hot as possibla But we must 
set against this the £M^ts just brought under notice-*- 



Fio. 46. (J, B. Stead.) 



Fig. 47. (J. E. Stead.) 
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the higher the finishing tempemtnie the coarser the 
grain, and the more brittle the metal Henoe the 
higher the finishing temperature above the Aci point 
the poorer the qnalitj of the steeL The practical 
application will be obyions. Work the metal at as 
high a temperature as possible, so as to save power 
during roUing, and then reduce the temperature by, 
say, a current of cold water, so that the rolling may 
take place at a low temperature. This is done, for 
instance^ in tire and rail rolling. In welding, too, 
after the two pieces are actually joined, the smith 
continues hammering until the temperature has fallen 
low enough to insure a relatively fine grain in the 
finished piece. The parts to be welded are first 
thickened, so as to allow of this ** hammer " refining. 

127. Odd work diskrts the grain, or flaUens and 
eUmgates the cryttaiU in the directum of roUing. The 
lower the temperature the more pronounced the e£fects 
of cold worMng. The structural changes of cold 
working can be obliterated by heat treatment up to or 
over the Aci critical point. The adjoining diagrams 
(Figs. 46 and 47) show a specimen of rolled steel 
before and after annealing. Notice the fibrous struc- 
ture of the sheet (Fig. 46) after rolling at 600% and 
the crystalline structure of the same sheet after 
annealmg (Fig. 47). The fractured surfEtce of the 
rolled sheet had a fibrous appearance, and the sheet 
was not brittle ; the second broke with a crystalline 
fracture after seyere punishment 

§ 33. Influence of Other Elements 

A large number of empirical observations with the 
testing machine have been made upon the infiuence of 
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elements like manganese^ sulphur^ silica^ chromitim, 
nickel^ and phosphonis upon the properties of the 
iron-carbon alloys. A fall description of their effects 
must be sought in the regular text-hooks.^ Some 
elements increase, others diminish the tenacity. 

J. The tenacUy is lowered by elements like silicon, 
phosphorus, and sulphur, which promote the formation 
of graphitic carbon or cementite; by elements like 
phosphorus and copper, which cause the formation of 
other separations ; by elements which increase the size 
of the grain, e.g. phosphorus and manganese ; by non- 
metallic elements which induce the formation of thick 
cell-walls, or which separate the crystalline grains one 
from the other ; for instance, gases, large amounts of 
silicon, compounds of iron and sulphur, and of manga- 
nese, and sidphur, slag, and oxides. 

11. The tenacity is increased by elements like nickel 
and cobalt, which possess a high tenacity ; by small 
amounts of elements like manganese, chromium, tung- 
sten, titanium, which hinder the separation of graphitic 
carbon ; by small amounts of elements like silicon and 
aluminium, which hinder the formation of blow-holes ; 
and by elements like nickel and chromium, which 
favour the formation of firmly locked crystals. 

The internal changes by which these effects are 
produced are little understood. The " impurities " or 
''foreign substances" may not only react upon the 
iron, but also upon the carbon, and upon each other. 
Among the secondary reactions we have the possible 



^ A. H. Hiorns, 8ted and Iron, London, 1903 ; or, F. W. Harbord, 
The MeiaUurgy of Sied, London, 1903; A. Camot and £. Gonial, 
AfMoles dea Minei, [9], 18. 263, 1900 ; MMOographiit, 4. 286, 1901 ; 
H. Jttptner yon Jonstorff, iM^ 8. 222, 1899 ; 8taM vnd EiBon^ 90, 939, 
1899 ; T. Turner, The Metallurgy of Iron, London, 1904. 
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formation of manganese carbides — Hxxjd ; Fe8G.4Mn8C 
— ^when manganese is present ; with chromium we may 
haye the double carbide — SFogC . Gr8C2 ; if silicon be 
present along with manganese we may have manganese 
silicide, MuSi, produced; and with sulphur, manga- 
nese sulphidci MnS; while phosphorus may produce 
many varieties of phosphides of iron.^ 

Besides the formation of compounds of this type, 
there is also the possible existence of allotropic forms 
of the foreign elements — ^nickel, cobalt, say — which 
modify the properties of the alloy in a specific manner. 
There is thus a vast field of work before the metal- 
lurgist. What is the effect of the various secondary 
components upon the physical properties of the final 
product? Under what conditions are they formed? 
How can the formation of deleterious secondary 
products be hindered ? 

ExBBdSBS. — (1) Why Bhould the finishing temperature of un- 
hardened steel be at the Acj critioal point ? An», The smaUer the 
grain the more dactile and tough the netal, eto. 

(2) How oau the structural deformation brought about by cold 
work be obliterated ? 

(3) Why have the central portions of thick pieces larger orystaUine 
grains than the outer portions ? Ant. In practice, thick pieces cannot 
be finished at a uniform temperature. The central portions of thick 
pieces leave the rollers at a higher temperature than the outer 
layers, eto. 

(4) If chisel steel which has been tempered at 800° be heated to 
230°, what changes wiU take place in the temper of the metal? 
Aw, None, if the brake of passive resistance had relaxed to its limit 
at 300°. But see §27. 

> J. E. Stead, Jbum. Iron and 8ted Iml., 58. iL 60, 1900 ; MetdlUh 
graphiit, 4. 89, 199, 332, 1901. 



THE INFLUENCE OF STRESS 

AND STRAIN 

§ 34* Intercrystalline or Intergranular 

Weakness 

The popular idea of the qualities of eteel has crys- 
tallized into the phrase ^^as true as steel/' but 
metallurgists have now to face the uncomfortable fact 
that steel which has safely passed all the mechanical 
tests occasionally develops an eztraordinary tendency 
to become brittle, and breaks under stresses &r below 
the elastic limit of the metal The condition of pur- 
chasing steel rails is that they stand without fracture 
the blow of a ton weight falling 30 feet. But the 
director of one of the Iiurgest railways ii^ England, the 
late Sir Lowthian Bell, has said that ^'occasionally 
rails for no apparent reason break with a blow from 
the height of a half or a quarter of that ; and some- 
times after rails have been in use for a short time they 
positively break in two with a fall of less than one 
foot." I am also informed that the United States 
Government have gone back to wrought iron anchors 
for their ironclads, on account of the treacherous and 

mysterious fractures which occur with approved types 
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of oast steel kedge auohors.^ It is therefore of interest 
to examine this question in a little more detail.^ 

Just as the shaking of a superfused solution of 
sodium thiosulphate might induce the crystallization 
of the substance^ po is it conceiyable that^ if the con- 
stituents of steel were in an unstable state of equili- 
brium, a sudden shock, or the continued recurrence oi 
a series of ribrations, might so relax the passive resist- 
ance that the internal structure would be modified in 
some way, and brittleness result 

The disease may not be due to any alteration in 
the crystalline form of the metal. Steel is normally 
in a crystalline state. In many cases the source of 
weakness is the joints between the crystalline grains. , 
When such a metal is fractured the line of fracture 
follows the junction of the grains. Stead calls this ail- 
ment intergranular or intercrystalline weakness 
{inter = between). We have had examples. Amold^s 
work on the influence of bismuth on copper and on 
gold. One per cent, of sulphur arranged as a mesh of 
iron sulphide will entirely destroy the ductility of the 
iron, reducing the ultimate stress from 20 to 2 tons 
per square inch. Sulphide of iron is only found in 
appreciable quantities in iron low in manganese. 
^^ Manganese," says Arnold, ^^ seems almost entirely 
to prevent the formation of cell walls of iron sul- 
phide." » 

The network of cementite which envelops the 

' W. M. Oarr, MeUxOogra^iH, 5. 58, 1902. 

* We BhaU not ooiunder weakness due to the presence of blowholes 
or slag. See 0. H. Bisdale, /ouni. Irm (Mud 8Ud Inst,, Si. u. 232, 
1903. 

* J. O. Arnold and G. B. Waterhonse, MMUographitt^ 6. 802, 1903 ; 
Jaum. Iron and Steel Insi., 63. L 186, 1903. 



84 CRYSTALLIZATION OF IRON AND STEEL § 34 

crystal grams of steel contaming over 1 per cent, of 
carbon are the principal lines of weakness. The metal, 
when fractured, generally breaks through the centre 
of this brittle envelope. The coefficient of contraction 
of the cementite cell walls is greater than of the cell 
contents. Pearlite cells, for example, bound together 
by thick cementite walls (Fig. 40), are liable to 
rupture, because the coefficient of contraction of the 
cementite cell walls is greater than the cell contents. 
The mass is, in consequence, very feebly held together, 
and a sudden blow will easily fracture the metal.^ 
Intergranular weakness resembles the weakness of a 
brick building with faulty mortar; the whole might 
collapse, as jerry-built houses sometimes do when put 
to a severe test. 

There is another type of intergranular weakness 
which is due to imperfect union of the crystal grains. 
This is particularly marked in phosphorous steels. 
TJie crystal grains, on cooling, contract unequally, and 
tend either to draw the grains away from each other, 
or to leave the mass in a state of unnatural tension. 
The fracture then follows the granular junctions. 
Thick plates and bars are frequently brittle, because 
comparatively little work has been done on them. 
The crystals are not interlocked one with another as in 
steel which has been well worked. 

Intergranular weakness may, therefore, be of two 
kinds — 

(1) Brittle envelope surrounding the crystal grains. 

(2) Imperfect union of the crystal grains. 
Intergranular weakness may often ^be detected 

under the microscope. Steels which exhibit '' loose " 



> J. O. Arnold, MeUjiXlographui, 6. 267, 1902. 
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intercryatalline ferrite jointa,^ or a meahed or cellnliir 
structure of any kind, ate to be labelled "dangerous." 



§ 35. Intracryatalline or Cleavj^e Weakness 

Stead bas pointed ont another type of weakness in 
sheet steels which has to do with the ctyBtals them- 
selres withont reference to the onion of one crystal 
with another. It is a kind of intracrystalline weak- 
ness (tn<ra = within). It is characteristic of aome 
crystals to break more readily in some directions than 
in others. For example, in a cubical crystal, say of 



Fio. 48.— GleaTOgs Planea. 

DBF, QffI). Iron crystallizes in the cubic system, 
rock salt, the crystal splits up more readily in the 
three directions ABC, DBF, QHI (Fig. 48), parallel 
to the three crystal faces, and at right angles to one 
another. This property of crystals is called cleavage. 
The directions in which the crystal splits are called 
cleavage planes. A cubical crystal of rock salt has 
the three cleavage pianos shown in Fig. 48 {ABC, 
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and therefore every eeparste grain in a crystalUne 
mass of iron ia more liable to 8pUt np in these three 
directions than in any other. 

If a bar of iron could be cnt &om a eingle crystal, 
that bar wonld have three linea of weakness in the 
direction of the three cleavage planes ; while if the 
bar were bnilt ap of a nomber of crystals whose 
cleavage planes were all in the same direction, that 
bar would be more readily broken in the direction of 




its cleavage planes, neglecting for the moment inter- 
grannlar wetiknesses. Still ^rther, if a number of 
adjacent crystals at one particnlai spot in a bat of iron 
were built np in this manner, then the bar would he 
more liable to mptnre along the cleavage planes at 
this spot when subjected to the influence of a properly 
directed force. On the other hand, if the cleavage 
planes of the adjacent crystals are inclined at con- 
siderable angles to one another, the bar would be less 
liable to break than one in which the crystals were 
arranged symmetrically. Figs. 49 and 50 will make 
this clear. The dotted lines, a&. Fig. 49, represent the 
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cleayage planes across a sheet of iron when the crystals 
are arranged symmetrically; while in Fig. 50 the 
crystals are arranged in an irregular manner. The 
cleayage plane of Fig. 49 run along parallel lines^ and 
the sheet would therefore be more liable to rupture 
than the sheet shown in Fig. 50, where the lines of 
weakness are not in the same direction, and this in 
spite of the fact that Fig. 49 has a finer grain. 

Other things being equal, a fine-grained structure ' 
is stronger and tougher than a coarse-grained piece. 
Figs. 49 and 50 show that this order of things may be 
reversed. Fortunately the crystals of iron and steel 
do not in general grow symmetrically. But the 
development of small into larger grains in the anneal- 
ing ovens shows that the cleavage planes of a number 
of adjacent crystals may assume the same direction. 
Wherever there are large crystals there must be large 
cleavage planes, or lines of weakness. 

Intercrystalline or cleavage weakness of this kind 
is comparatively rare, and its presence may be detected 
by the usual mechanical tests. 

A remarkable fact connected with the brittleness 
of soft steel is, that the fracture is nearly always at an 
angle of 45^ to the direction of rolling,^ and at right 
angles to the surface of the steel. But this is also the 
orientation of the crystals of the metal made brittle 
by annealing. So long as this material is bent at 
right angles to that direction, there is no danger of 
breaking, but if the bending is attempted at an angle 
of 45"^ to the direction in which the plates were rolled 
fracture takes place. The rolling seems to impart a 
tendency to crystallization in certain fixed directions 

which develop during annealing. 

■ "- -- ■ ' ■ ■ ^ 

> J. E. Stead, Jbum. Inm and 8ted InH,^ M. ii. 137, 1S98. 
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§ 36. Birth, Growth, and Structure of Crystals 

It is a fascinating and wonderful power which 
causes substances in passing from the liquid to the 
solid state to assume definite and characteristic shapes. 
I dare not say much upon the birth and growth of 
crystals. The first visible sign of crystallization in a 
fluid is the appearance of a globular nucleus, called a 
globulite,^ about which the integral parts of the 
crystal are deposited in a regular manner, so as to 
produce a typical crystal. The series of drawings 
shown in Fig. 51 are adapted from a set of '^cinemato- 
graphic " photographs of a growing crystal of potassium 
iodide under a magnification of 100 diameters, and 
exposed 0'25th of a second.^ 

The little crystal at the bottom right-hand comer 
of 2, Fig. 51, has a globular form, characteristic of the 
primitiye '^ globulite." The globular shape, howeyer, 
is really due to the fact that, while the crystal is small, 
its growth is so rapid that the borders of the growing 
mass does not seem to possess a sharply defined 
outline. 

!E^ery true crystal is made up of smaller crystals, 
each of which is a perfect replica of the original. 
These crystals are made up of smaller crystals, and 
these in turn, made up of still smaller crystals, and so 
on. The small crystals-— called crystallites — are 
arranged in a perfectly definite and regular manner. 



* A. Fock, An liAvodM^wn. to Chemical Crystallography, Oxford, 
1895 ; J. W. Jndd, Nature, 44. 83, 1891 ; G. D. Liveing, ibid., 44. 156, 
1891. 

* T. H. BiohaKds and E. H. Aiohibald, PhU. Mag., [6], 8. 488, 1901 ; 
Amer. Ohem, Joum,, 86. 61, 1901. 



Fia. 51.— Oroviug Crystal b of PotaBSiom Todide. 



Fio. 53.— SnifRce of Silicon Steel. (J. E. Stead.) 
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The outward featnre of a crystal — regular geometrical 
form — ^may be destroyed, and yet the minute fragments 
which build up the crystal aU retain their crystalline 
characters. The ultimate particles are arranged in a 
regular and symmetrical manner. Fig. 52 is a sketch 




Fio. 52.-^Cr7Btal of Galoiie. 

of a crystal of the mineral calcite, from which a few 
crystallites have been broken away so as to show that 
the larger crystal is built up in the manner just 
described. Each crystallite, which has been remoyed, 
is made up of still smaller crystallites, built up in the 
same manner. Eyen if the whole be powdered to dust, 
each little fragment is a perfect model of the largest. 

If the surface of a crystal be suitably treated, the 
ends of the crystallites may be exposed. The specimen 
t>f silicon steel shown in Fig. 53, has been treated with 
nitric acid. The grouping of the minute elements 
which make up the specimen is brought out in an 
interesting manner. 

The cause of the splitting of a crystal along its 
cleayage planes will now be yery clear. The planes of 
weakness in a crystal are naturally along the surfaces 
joining one crystallite with another. These are the 
cleayage planes of the crystal. 
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§ 37. Effects of Progressively Augmented Strain 

Ewing and Bosenhain^ fotoid that if a metal is 
strained past its ** yielding point '' — elastic limit — ^the 
faces of the crystal grains (Fig. 54) show fine black 
lines, which increase in number as the strain increases. 
Lines appear on certain crystals nearly transverse to 
the pull ; but as the strain increases, lines appear upon 
other grains. Intersecting lines then make their 
appearance on some of the grains. Such a strained 
surface is shown in Fig. 55. 

What are these lines ? Oan they be cracks in the 
surface ? Probably not, and for this reason. A piece 
of iron, strained beyond its elastic limits^ will recoyer ^ 
its original elasticity if it be allowed to rest for some 
time, or if it be heated to 100'^ C. But the dark lines 
do not disappear. Furthermore, the lines do disappear 
when the surfiB.ce is lightly poUshed in the usual 
manner. 

The lines are not actual cracks in the surface, but 
rath^ slips along the cleavage planes of the crystal. 
They are called slip bands, or slip lines. Let AB 
(Fig. 56) represent a cross-section through a polished 
surface of metal Let be the junction between two 
contiguous grains, A and B. When the metal is 
pulled in the direction of the arrows a number of slips 
are deyeloped along the cleavage planes a, 5,0, cJ, • . ., 

1 J. A. Ewing and W. Bosenhain, FhU, 2VafM., 198. 353, 1899 ; 
195. 279, 1900 ; J. A. Ewing and J. G. W. Homfrey, ibid,^ 900. 241, 
1902; W. Bosenhain, Jouim, Iron and 8teel Itut,^ 67. i. 335, 1904; 
F. Osmond and G. Fremont and G. Gartand, Bevue de MitaUwrgie^ 1. 
i. 1904. 

' J. Mnir, PhU, Tram,, 198. 1, 1900 ; Proe. Boy, 8oe., 67. 461, 1900. 



Fib. 54. — Iron. (J. A. Ewiug and W. BoBenhain.) 



Fia. 55.— Lead. (J. A, Ewing and W. BoBcnhain.) 

[To /OM p, * 
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and the sturfaoe now presents the appearance shown in 
Fig. 57. With stai greater strains slip bands deyelop 
into actual cracks, and rupture takes place. Hence it 
follows that imder a progreisivdy aiigmented strain 
rupture takes fiaee, not at the crystal howndarieSy hut 
through the crystals themselves. 

sup-bands hare also been developed by com- 
pression, say pinching a button of polished silyer or 





Fio. 56. Fia. 57. 

copper in a vice, by twisting an br6n bar, and by bend- 
ing a strip of iron or copper backwards and forwards. 

Plasticity is nothing but the yielding or slipping 
past each other of adjoining crystals ; ice is only plastic 
when the strain is directed along the cleayage planes. 
In a large aggregate of crystals, only those crystals 
whose cleayage planes are in the right direction will 
suffer deformation. 

You will remember that the elastic limit or yield- 
point of a body is the maximun> distortion which the 
body can undergo, and yet return to its original form. 
If the strain is not yery much greater than the elastic 
limit, the restoration of the original form will take 
place yery slowly, as indicated above. The metal 
exhibits what is called fatigue. Steel bridges, for 
example, sometimes sag during the week's traffic, but 
recover during Sunday's rest. 

It is possible to apply a much greater stress than 
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the elastic limit of the metal provided the stress be 
applied very quickly. Thus B. Hopkinson has recently 
shown that a piece of wire with an elastic limit of 
17*8 tons per square inch withstood a stress of 35*5 
tons per square inch applied for less than the 
thousandth part of a second. 



§ 38. Effects of Repeated Alterations of Stress 

Nearly fifty years, ago Wohler ^ made the important 
discoyery that the elastic limit is very much reduced 
by, and that metals will eyen break down imdor, the 
repeated application of a stress yery much less than 
would be required to produce rupture if the stress 
were applied gradually and continuously. The strength 
of a piece of metal when tested in the ordinary way is 
not a sure guide if the material is to be subjected to 
a series of constantly yibrating stresses — pushes and 
pulls — such as might occur in the piston of an engine, 
and the axles of a railway carriage. An iron bar, for 
instance, which is capable of bearing 20 tons per square 
inch of steady load can only withstand 9 tons per 
square inch for six hours if the stress yibrates about 
144 times per minute. Bridges which might withstand 
the passage of a giyen number of trains per hour could 
not bear the same number passing in a minute. 

The strength of a metal under the influence of 
alternations of stress depends on the number of alter- 
nations per minute ; and the number of alternations 
which a metal can stand depends upon the intensity of 
the stress. The following table shows the number of 

^ A. WoUer, Engineering, 11. 199, 221, 243, 299, 826, 349, 1871 ; 
A. W. Kemp, Engineering Review, 11. 168, 1904. 



FiQ. 59. — Slip-bauds multipty. 
(J. A. Ewing and J. C. W. Humfrey.) 



Fig. ei.— Polished Sotface with Large Crack. 
(J, A. Ewing and J. C. W. Hnmfrey.) 
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alternations of stress which is required to rapture when 
the stress is applied 144 times per minute : — 



^ons p«r square inch. 


Nmnbor of nyolutioiu. 


15-3 


56,000 


14-4 


99,000 


13-4 


183,000 


12-4 


480,000 


11-5 


910.000 


10-5 


8,682,000 


9-6 ^ 


4,918,000 


8-6 


19,187,000 



Ewing and Humfrey have subjected Swedish iron, 
with a breaking stress of 23*6 tons per square inch, to 
a series of pushes and pulls, 9 tons in magnitude, 
repeated 400 times per minute. On examination it 
was found that fine slip-bands appeared in a few 
crystals after a few — say 5000 — reversals of stress, as 
shown in Fig. 58. With a greater number of reversals 
— say 40,000 — ^the slip-bands increase in number, and 
those which first appeared broaden and develop into 
small cracks, as shown in Fig. 59. If the specimen be 
repolished, so as to clear ofiT the slip-bands, the cracks 
alone become visible, as at ^ (Fig. 60). The crack, or 
flaw, gradually creeps right across the specimen when 
the number of alternations is still further increased, 
as shown in Fig. 61. Finally, the specimen breaks. 
Let me quote Ewing and Hum&ey's own words : — 

'' Whatever the selective action of the stress is due 
to, the experiments demonstrate that in repeated 
reversals of stress certain crystals are attacked, and 
yield by slipping, as in other cases of non-elastic 
strain. Then, as the reversals proceed, the surfietces 
upon which the slipping has occurred continue to be 
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Burfiftoes of weakness. The parts of the crystal lying 
on the two sides of each such snrfiftce continue to slide 
back and forth oyer one another. The effect of this 
repeated sliding or grinding is seen at the polished 
surface of the specimen by the production of a burr or 
rough and jagged irregular edge, broadening the slip- 
band, and suggesting the accumulation of ASbris. 
Within the crystal this repeated grinding tends to 
destroy the cohesion of the metal across the surface of 
the slip, and in certain cases this deyelops into a crack* 
Once the crack is formed, it quickly grows in a well- 
known manner, by tearing at the edges, in consequence 
of the concentration of stress which results from lack 
of continuity. The experiments throw light on the 
known fact that fracture, by repeated reyersals or 
alternations of stress, resembles fracture resulting 
from 'creeping flaw' in its abruptness, and in the 
absence of local drawing-out, or other deformation of 
shape/' ^ 

The rupture of steel is not caused by the gradual 
growth of the crystalline structure of the metal under 
the influence of shocks and yibrations. The break- 
down is due to fatigue. When fatigued, the metal 
breaks more readily. Again, when subjected to sudden 
shock, the metal has no time to '^ flow." The slipping 
of the crystal planes, or the plasticity of the metal, has 
no time to come into play. The metal, in consequence, 
appears to be abnomudly brittle. 

> P. Krenzpointer, Jbum. JFVanA^fi IwX,^ 168. 233, 1902: J. A. 
Ewing, Noiwey 70. 187, 1904 ; P. Brenil, SuppL, Jwum* Jrofi wnA 
sua ItuL, 1904. 



DEMONSTRATION; HOW TO PRE- 
PARE A SPECIMEN FOR THE 
MICROSCOPE 

§ 39. The Cutting of a Sample 

The piece of steel to be examined must be dressed 
up to a suitable size for microscopic examination. It 
is impracticable to examine the whole area of a 
large piece. The usual thing is to work with a cir- 
cular or square surfiEtce having an area of about i or 
f sq. in. The specimen should be about half an inch 
thick. 

The size of the grain in a bar of steel varies from 
the centre to the outside. Samples must therefore be 
cut from definite positions if one specimen is to be 
compared with another. Notice whether the sample 
is cut parallel with, or across the direction of rolling. 
Do not cut a sample near a distorted part with an 
abnormal grain. 

An American hack saw may be used for cutting 
soft alloys and unhardened steeL White cast iron 
and hard brittle alloys are best split with a blow from 
a hammer. It does not matter much how irregular 
the piece is, since only one surface is required for 
examination. 

95 
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§ 40. Piling and Rough Polishing 

The next step is to fasten the specimen in a 
suitable vice. File one side with a '^ rough " file, then 
with a ^'smooth'* file, and finally with a ^dead 
smooth" file. The marks from each file should be 
across those made by the preceding file, and also 
obliterate them. 

l^e filing is followed by a series of polishings 
with emery papers of increasing fineness. Start with 
«No. 1," and finish off with **No. 0," "No. 00/' and 
"No. 000." The emery paper may be fixed upon 
wooden discs or blocks with hot glue. Each set of 
scratches should obliterate and run across those made 
by the preceding set. Be careful to keep the polished 
surface as flat as possible. _ 

This operation is rather important on account of 
its influence upon subsequent work. The metal should 
now have a distinct polish, and the scratches be only 
faintly visible. 

§ 41. Fine Polishing 

The discs or beds used for fine polishing must be 
su£Sciently yielding to come in contact with the whole 
surface, and not press hard enough to grind out the 
softet constituents and leave the harder constituents 
too much in relief. A flat disc of wood, metal, glass, 
or ebonite covered with a layer of cloth, velvet, or 
chamois leather gives good results. 

A little diamantine powder may be rubbed on the 
covering of the disc, and the disc kept moist with 
water. The specimen is pressed upon the bed and 
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oonataotly tnmed so as to SToid the formation of 
fdnowB.^ Examine the specimen from time to time 
in a good light, and when all the scratohes are 
remoyed, polish the specimen on a chamois leather 
bed upon which fine gold ronge has been rubbed. 

The polishing materials, beds, etc., should be 
critically examined to make sore that they will not 
scratch a polished surface. Preserve all polishing 
materials in a place protected from dust. 

Instead of diamantine and rouge, some use a paste 
made of ^* one day " alumina powder and Castile soap. 

Pbipabation of PoLtBHiNG PowpiB. — ^The powder can be pur- 
chased from the dealers, or made in the foUowing manner : — 

Calcined ammonia alum is treated with water addifled with nltrio 
moid (one part of add to 1000 o.a of water) for a few hours with 
oooasional stirring. Use about 10 grams of powder for erery litre of 
water. Decant off the dear. Treat with distilled water in a similar 
manner, and repeat until all the add is remoTed and the settling 
takes place dowly. Now add 2 0.0. of aqueous ammonia per litre of 
water, and let seUle. Decant off with a syphon at stated interrals» 
namdy, 15 min. ; 1 hr. ; 4 hn. ; 24 hrs. ; 8 days. 

The depont remaining after the first deoantation contains all the 
ooaise grains not suitable for polishing. The deposit after the second 
deoantation is not very homogeneous, but it is useful for coarse 
polishing. The depodt remaining after the liquid has stood four 
hours can be used for hard metal, like iron. The one and eight day 
depodts make the best polishing powders. 

Shaye dry Oastile soap with a dean knife into powder. Add one 
part of dry soap to ten parts of wet powder. Melt on a water bath. 
Let cool with constant stirring until the mass thickens. Pour into 
leaden tubes like those used for keeping oil paints. The tubes may 
be dosed up when cool. 

§ 42. Polishing in Relief 
If the prepared surface be qnite level and of a 

^ Spedal machines are on the market which do this work auto* 
matlcally. 

H 
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unifonn tinty it would not be possible to distiiigaish 
one constituent from another. All yarieties of iron 
and steel would appear to be identical In order to 
distinguish one constituent from another it is necessary 
to treat the polished surface with some medium which 
will dissolye certain constituents and leave others 
untouched. Such a medium is called an etching fluid, 
and the surface, after treatment with etching fluid, 
is said to be etched. 

Usually the softer constituents are more worn than 
the harder constituents. Hence the surfieMse is a little 
uneven. This is called polishing in relief. It is 
sometimes possible to see the structure of such a 
surface when it is examined in a convenient position 
without any further treatment. For relief polishing 
use a bed of indiarubber, free from grit^ glued upon a 
wooden block. 

There is another point to be noticed. The opera- 
tions of polishing produce a thin film on the surface 
which is essentially different from the body lying 
underneath. For instance, the surface of polished 
speculum metal presents the appearance of Fig. 62, 
but when the surface film is removed by washing it 
with a solution of potassium cyanide, the true structure 
of the metal appears as shown in Fig. 63.^ 

§ 43. Etching 

Etching on a surface which has been touched with 
the fingers or any other greasy surfistce is misleading, 
because the surface is more or less protected from the 
etching fluid. To clean an oily or greasy surface, 

> G. T. Beilby, 2%e EUaraoImM ani MdaUwrgtO, 8. 827, 1904. 



-Polished Speculum Metal. (G. T. Beilby.) 



Pio, 63.— Etched Surface of S]ieeal«m Metal. (G. T. Beilby.) 
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wash it in alcohol or ether, and dry. If the sorfiftce 
is dean no ''rim " will be discernible when a drop of 
ether is allowed to evaporate on the surface. 

Different workers prefer different etching fluids. 
Tincture of iodine, and dilute nitric acid are most 
frequently used. 

J. Iodine. — Osmond employs tincture of iodine of 
two different strengths. The first contains 

Iodine 1*25 gnss. 

Potasfliiim iodide 1*25 grmi. 

Water 1*25 gmii. 

Alcohol to make np to 100 co. 

The second solution is made by diluting 25 c.c. of 
this up to 100 c.c. with alcohol. The stronger solution 
is used for mild steels, the more dilute solution for 
hard steels. 

To apply the solution proceed as follows. Bub the 
solution over the polished specimen with the tip of 
the finger, or with a camel's-bair brush, and stop the 
etching when the brilliancy of the polished surface 
disappears, and the surface appears dull and grey. 
By S^g the polished specimen in this manner! the 
etching is more uniform, and the constituents not 
acted upon by the etching fluid remain bright. Wash 
the specimen in alcohol, and finally dry in a blast of 
hot air, from, say, a Fletcher's hot-blast blowpipe. 

If this treatment has not been sufficient to deyelop 
the structure, repeat the operation. Several mild 
etchings are better than one severe process. The 
etching which results from a prolonged exposure to 
the etching fluid often depends not so much upon the 
structure as upon mechanical imperfections of the 
surface, and other external causes. The lines of 
demarcation between the different constituents are 



loo CRYSTALLIZATION OF IRON AND STEEL §43 

frequently indistinct and blurred. If on eumination 
the etching is too deep, it will be necessary to repolish 
the surface. Deep etching is frequently misleading. 

II. NUric AM. — Sorby used dilute nitric as an 
etching fluid. This is generally recognized as one of 
the best agents for steels containing but little phos- 
phorus or arsenic The strength may be — 

Nitric aoid (sp. gr. 1*42) .... 10 grma. 
Water up to 100 o.a 

Hold the specimen by means of a pair of crucible 
tongs, and immerse in the acid for about ten seconds. 
Wash in running water, then immerse in lime-water, 
then in water again, then in alcohol, and finally dry 
with hot air. 

A. Sauyeur ^ adds : ** The unreliableness and short- 
comings of the usual treatment with dilute nitric acid 
are oyercome by dipping the specimra in concentrated 
nitric acid (sp. gr. 1*42), which, on account of passivity, 
has little or no action on the polished surface. The 
specimen is then placed under an abundant stream of 
running water, and the acid is quickly and completely 
washed off. As soon as the layer of concentrated acid 
which covers the surface is diluted by the running 
water, it attacks the steel, at first vigorously, but for 
such a short time (since the water soon removes all 
traces of acid) that there is no danger of etohing too 
deeply. This develops the structure clearly and 
sharply, the etohing being of a uniform intensity all 
over the surface, and free from the objectionable 
coloured film, and from the unlike appearance of 
different parts of the field caused by local actions of 

' A. SaQvenr, JfetonosTrop^H <• 231, 1900. 
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Yarying intensity, which are so troublesome and mia- 
leading in etchings with dilute add. It is sometimes 
necessary to repeat the treatment in order to derelop 
structure to a proper depth, but more than two im- 
mersions are seldom required. The specimen is 
washed in water, alcohol, and quickly dried with a 
soft cloth, or under a hot jet of air." 

An alternative ^ way of conducting the etch with 
nitric acid is to employ the solution — 

Nitrio aoid (sp. gr. 1*42) ..... 1 gnn. 
AbBolnte aloohol 99 gnus. 

Arnold ^ treats a specimen with nitric acid (sp. gr. 
1*20) immediately after leaving the No. 00 emery 
pad until bubbles of gas make thdr appearance (about 
one minute). The scratches are nearly all removed, 
and the structure is well enough defined for most 
commercial purposes. The preparation of a piece of 
steel for microscopic examination by this method only 
takes about five minutes. 

III. Picrie Add.— A, favourite etching fluid is 
prepared from — 

Piorioaoid 5gnna. 

Absolute aloohol 95 srms. 

as recommended by Igevsky. It brings out the cell 
walls very distinctly. It does not colour ferrite. 

JF. JBydroehhrio Aeid. — ^A solution is prepared by 
passing dry hydrochloric acid hydrogen chloride into 
absolute alcohol until the solution contains about 10 



1 F. W. SpiUer, MektOographMf 6. 264» 1908, replAOM the aloohol 
by glycerine. 

* J. O. Anold, Nature, 68. 618, 1901. 
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per cent of acid. Then add one to 5 per cent of 
anhydrous cnprio chlorida Use solutions containing 
the least amount of cupric chloride for hard steels. 
Let one or two drops of this solution fiall on each 
square centimetre of surface, and let the attack con- 
tinue until the sur&ce is covered with a light grey 
film. Wash and dry as before. 

Other acids may be used — sulphuric, oxalic, 
chromic (Abel) — ^but all are inferior to nitric and 
picric acids. 

F. JEleetroohenUedl Attack, — Very good results have 
been obtained by immersing the metal in a 10 per 
cent, solution of ammonium chloride, potassium sul- 
phate, or warm sodium thiosulphate, while it is con- 
nected with the positive pole of a bichromate cell, the 
negative pole consisting of a piece of platinum 
foil, lead foil, or thin sheet iron. The current used 
varies from 0*001 to 0*01 ampere per sq. cm. of 
surface. The current should last a few minutes. 

§ 44. Osmond's Polish Attack 
Osmond recommends a lubricating solution of — 

Gryst. ammoniiun nitnto ...» 2 gnns. 
Water lOOgmifl. 

in place of water in the last stage of the polishing with 
a parchment pad. and rouge. The ammonium nitrate 
does not alone act upon the metal, but chemical action 
is induced by rubbing and friction. 

An aqueous infusion of liquorice root was formerly 
used, but this has been abandoned in favour of 
ammonium nitrate.^ 

^ F. Otmond and G. Oartand, MetaUoffraphUl, ^. 1, 1900. 
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Ferrite and cementite are not coloured by iodine ; 
the remaioing four constituents^ — sorbite, troostite, 
martensite, and austenite — are coloured. The in- 
tensity of coloration depends upon the amount of 
carbon present. Sorbite is coloured first, troostite 
next, and martensite and austenite last. 

Ferrite, cementite, martensite, and austenite are 
not coloured by the polish attack. Martensite takes 
a yellowish tint. Ms^ensite differs from pearlite in 
the fact that the martensite needles intersect ; pearlite 
laminae do not intersect. Troostite is always accom- 
panied by martensite, sorbite by pearlite. Ferrite and 
cementite differ in their unequal degree of hardness 
under the polish attack. 



PBOPERTIES OF CONSTITUENTS. 



OoOBtltlltlllL 


Polish attack. 


Iodine. 


Nitric add. 


Remarks. 


Feirite 


Grannlar 


Colourless 


Polygonal 
structure 


Softer than other con- 
stituents ; coloured 
by nitric acid, while 
cementite is not. 


Cementite 


NU 


White 


No action in 
40 sec. with 
20% acid 


Harder than other 
constituents ; not 
coloured by nitric 
acid, while ferrite is. 










Martensite 
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PearUte 


Dark 
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lamella 




• 


fibres axe curved and 
never intersecting. 
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Dark yellow 
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brown to 


faster than 




site, and is coloured 




blue bands 


martensite 




more slowly than 
sorbite. 


Sorbite 


Coloured 


Coloured 
^sterthan 


Dark 
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and is coloured more 






troostite 




Quickly than troostite, 
Martensite goes yel- 
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NU 


Coloured 


Lighter yel- 








low than 


low, brown, and black 








martensite 


when treated by elec- 










trochemical attack. 
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S 45. Heat Tinting 

By heating polished sections of any metal, the 
yarious constituents are differently coloured. The 
colouring depends upon the formation of films of 
oxides which have different colours. The colours are 
formed at different rates on the different constituents 
of the metaL This method of studying the constitu- 
tion of alloys has been used with success by Martens, 
Behrens, Osmond, and Stead. 

The polished specimen is well rubbed with a piece 
of clean linen or chamois leather, warmed to about 
120% and again well rubbed. The heating is done on 
an iron plate about six inches square, heated oyer a 
Bunsen burner. Experience will show how much 
heating is required to colour the specimen. The 
heating is best done gradually. Cool the tinted 
specimen in a dish of mercury to prevent oxidation 
during cooling. 

Stead used the process in his work on the phos- 
phatic steels.^ By heating a phosphatic steel until 
the pearlite is blue, the cementite will be red and the 
phosphide yellow. Experience shows that it is best 
to etch the specimen with iodine before heat tinting, 
so as to darken the pearlite, and after wiping with a 
chamois leather or linen rag, heat until the pearlite is 
dark. 



§46. Mounting 
The specimen may be mounted on a ground-glass 

^ J. B. Sietfd, Jburn. Ir(m and 8Ud InU., 58. ii. 60, 1900 ; MetaUo- 
grapMtt, 4. 89, 199, 882, 1901. 
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plate imbedded in a piece of beeswax or a piece of 
plasticene ; or» better 8till» use a '' mechanical holder." 
Sorby used to make his spedmens about 1 sq. cm. 
and 2 mm. thick. Fix a flat snrfiBtce on a small glass 
plate by warming a small fragment of AorcZ Canada 
balsam on the glass phtte while the latter rests on a 
warm iron plate. Then remove the glass plate from 
the iron pkte, and press the specimen upon the 
balsam until it has set hard. The exposed surfiEUse can 
then be polished with emery paper, etc 



§ 47. Preservation of Polished Specimens 

Some preserve polished surfaces from rust by 
immersion in oil; others cover the surface with a 
solution of parafBn wax in benssena To remove the 
wax, wipe the surfisM^ with a clean rag moistened in 
benzene, and finally rub it with a dry linen rag. 

Le Chatelier recommends the use of a varnish 
made by dissolving gun-cotton in amyl acetate. The 
coating of varnish is transparent, and it will allow the 
specimen to be examined with the high powers. The 
protective film lasts many months. 

The specimens may be stored in pill-boxes or other 
convenient receptacle, suitably labelled ; the- label 
should contain a full history of the specimen, mode of 
treatment, etching fluid, and date. 



§ 48. The Microscope and its Accessories 

The microscope selected is decided very much by 
the available cash. The best thing is to consult the 
dealers' catalogues. The price of the outfit will range 
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from £16 upwards. The student is also advised to 
buy a small handbook on microscopic manipulation. 

The specimen to be examined by the microscope 
is opaque, and it is necessary to illuminate the sur&ce 
before it can be examined in a satisfactory manner. 
Two methods of illumination are used : — 

J. Oblique Ulumtnaiion. — ^Chiefly used for the low 
powers. Here the light L (Fig. 64) is reflected on to 
the surface 8 from the reflecting shield B, which partly 
surrounds the objective 0. The path of a ray of light 
travels in the direction of the arrows and the dotted 
line, up through the eyepiece. 

II. VertiecU lUtmination, — Chiefly used for the 
high powers. The light L (Fig. 65) is admitted 





through the aperture A at the side of the object glass, 
and is reflected downwards on to the specimen 8, from 
the reflecting surface at B. The light then passes 
throrugh the prism to the eyepiece. An iris diaphragm 
is fixed at the aperture ^, so as to regulate the amount 
of light admitted to the specimen. The dealers' 
catalogues will furnish full particulars. 

It is necessary to have command of a brilliant 
light, say an arc lamp, an incandescent lamp, a 
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Welsbacb, or an acetylene light. A Nemst lamp is 
frequently recommended yery strongly. A bull's-eye 
condenser should be placed between the reflector and 
the source of light, so as to concentrate the rays. 



§49. Photography 

Here, again, the dealers' catalogue must be con- 
sulted. The price of a camera ranges from 2h%. 
upwards. You must also consult some handbook on 
the subject of microphotography — say, W. Bagshaw's 
Elementary Mterophotography (London, 1902, 1$.). 



§ 50. Miscellaneous 

Bisdale considers the following is a fair approxi- 
mate allowance for the successive operations required 
in preparing a microphotograph of the structure of a 
given metal — 

Sawing off the Beotion Fxom ItoSmin. 

Grinding and polishing m 15„80 „ 

Polish examination „ 2„ 8 ,, 

Etching and washing m 8 ,, 5 „ 

Examination and photography • . „ 7 „ 10 „ 

Developing, fixing, rinsing, and drying negatiye „ 15 „ 15 „ 

Printing 2„ 2 „ 

Developing, fixing, and rinsing print . . » 15 „ 20 „ 



Total Itolihrs. 

The following are a few useful papers and books on 
this subject : — 

C. ^ Bisdale, /oum. Lron and BUA Jntf., 56. ii. 102, 1899. 
J. E. Btead, MeUOlographiMt, 8. 220, 1900. 
H. le Chatelier, i&id., 4. 1, 1901. 
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ML A. Biehardi, MetaUograpkia, %. 71, 1903. 
J. Beok, <Mei^ 6. 820, 1908. 
H. 0. Oarpenter, Teehn<4s$, 1. 489, 190i. 
A. H. Hiorng, iWd., 1. 19, 1904; MeiaUography, Londos, 1902. 
F. Omuxad, MelaUograplMt 1. 5, 1898; MienmopU JnoZytii of 
MMU» Landon, 1904 (J. £. Stead's tran8latioii> 

The following hat has been prepared by W. Watson 
& SonSi 313^ High Holbom, London, W.C. It gives 
a rough outline of the necessary items on which an 
outfit can be formulated — 

Prtparittg and PoUMngMaMnM: Maay of Hbe parta 
of mAi^KitiAa for preparing and poUsbmg are to be found 
in every workidiop, bat aU the oontriyances are made to 
work with foot or hand, as weU as by power— £ «. d, 

Haok saw (found in aU woilahops). 
Set of files and vice (found in every workshop). 
Power-driven polishing maehine with automatio head 5 10 
A maehine similar to this, for foot power, oosts . . 8 10 
Where a quantity of work is to be undertaken, a 
maohine with three automatic heads, and five 
tables, power driven, can be purchased for . 14 15 

In addition, a set of suitable polishing materials is 
essentiaL These are usuaUy put up in smaU 
bozesi consisting of two or three grades of emery- 
paper, together with wash-leather veUam, etc., for 
polishing. A set of these usuaUy oosts . • • 10 

The Mieroseope Outfit: The mioroiBOope outfit should 
consist of— 

Microscope stand, with vertical illuminator and a 

covering stage, which may vary in price from . . 18 10 

to 

80 
In addition, a good form of metal-bolder, which permits 
of small sections of metal being gripped and set 
at any desired plane from the objective^ wiU be 
found a necessity ....... 1 4 

The objectives that are regularly used are the I'', 1", 
and ^^ These vary very oonsiderably in cost 
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The ao-oalled Btodent't leniat are afoally oon- 
eideredBiiffloientfor the purpoee, and cost — £ t. d 

1" ... 1 SO 

r • . . 1 10 

A" ... 6 00 

Where, howeyer, expenee ia not of importanoe, and 
the heat poaaiUe ia deeired, Zeiaa Apochzomatio 
objeotlyee ahoald be prooored, and the set that 
wonld he reoommended then wonld be — 

1" . . . 6 

r . . . ^ 

rCdry) . 15 

A" (oil immefsion) . 15 

AU objeotlyee, excepting only the !"» ahonld be 
ordered to be oorreoted for nae on nnooyered objects 
for metallargioal work« 

With the Student's lenses, ordinary Hnyghenian eye- 
pieces are suitable, and cost, each • • . 10 6 

But with the Zeiss Apochromatio objectiTCs it is abso- 
lutely essential that compensating eyepieces be 
employed, and the cost of these would be— 

X4 . . . 1 5 

X8 . . . 1 15 

Xl2 . . . 1 10 

It will also be found necessary to haye some form 
of object changer, and for metallurgical work it 
has generally been found that those by Zeiss are 
the most conyenieni A holder is attached to the 
nosepiece of the microscope, and a suitable fitting 
is proyided for each objeotiye. The slider and 
changers cost, each 10 

A new form of objectiye changer called the *' Facility," 
has been introduced by W. Watson & 80ns. It 
is equally oonyenient and costs . 1 15 

To illuminate specimens, the yertical illuminator, 
which is proyided wi^ the microscope, is neces- 
sary for medium and high power work. For 
low powers, the illumination should be by means 
of a side silyer reflector, the light being con- 
densed upon it by means of a bull's-eye, which latter 
will also be applicable when using the yertical 
illuminator. The cost of the reflector, with a Sorby 
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prifm, which allows of oblique iUnminatioii, £ #. d. 

would be 1 15 

A plain form of bull'i-eye, with Iria diaphiagm, ooeta 1 10 
The rapidity with which work oan be done can be 

greatly increased by using a boll's-eye with 

mechanical adjustments, this costs .400 

2%a "BhKAaqniijfiMc Outfit: ICany workers prefer to 
photograph metallurgical specimens in the vertical posi- 
tum only, while others adroeate the horizontal position 
as the best. 

There axe cameras made which can be used in both 
the Tertical and horizontal positions, and the cost 
of such a one is 7 15 

A first-class camera for use in the horisontal posi- 
tion only, would cost 11 10 

A projection eyepiece is also neoeasary for photo- 
graphing, and costs 2 

A focussing glass for examining the specimen on the 

ground-glass screen, costs about .080 



APPENDIX 



Glossary 

The following glossary of terms is based upon the Report 
on the Nomenclature of Metallography^ drawn up in September, 
1901,^ by the Iron and Steel Institute. The French (F.) 
and German (Gt.) equivalents are usually given. 

ACi, Aca, Ac,. (The "c" comes from the French 
ehauffant = heating.) Critical points in heating curve 
of iron and steel. 

Acicular (acw « needle). Needle-like. Applied to 
needle-like crystals found in cavities In ferromanga- 
nese, basic slags, etc. ; and not to needle-like structures 
observed in sections of metals and alloys. (G. nadlig; 
F. adculaire.) 

Air pits. Term applied bv Ewing and Bosenhain to 
microscopic air bubbles which appear on the surface of 
certain metals cast on glass. (G. Ltiftgriihchen.) 

AUotriomorphic (dXXor/Mos = strange ; itJop<jyq = form). 
A term applied to cnrstals which have taken their shape 
from their surroundings. (G. dttotriomorph ; F. allo'^ 
triomorphe.) 

AUotropy (£Uos ss other ; rphruv » to turn). A terin 
appU^ to an element which exists in two or more 
forms having different physical properties at the same 
temperature. The term is not applied to differences 
in the state of aggregation of an dement. (G. Alk" 
trcfpie ; F. allotropie.) 

^ Joum. Iron and Bieel Insty 61. i. 90, 1902 ; MetdUographut, 5. 
145, 1902. 

Ill 
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Alloy (Old Eng.). A metallic alloy is an intimate mixture 
or nnion of metallic fiubetances which do not separate 
into two distinct liqoid layers on melting. (G. 
Legknmg; F. alli€yB mitaUigue.) 

Alpha iron, or a-iron. The normal and stable condition 
of iron below 750° 0. Orystallizes in the cubic system. 
Is soft and magnetic. (0. Alpha-eisM ; F./«r alpha.) 

Amorphous (a ss without ; fiop^fj a form). Non-crystal- 
lized. (G. amorph ; F. amorphs.) 

Aphanitic (£^«i^s = invisible). A texture on which the 
component grains are so minute as only to become 
visible under the microscope. (G. aphanitisch; F. 
aphanitiqu$.) 

Ar^, Plt^ Ar,. (The ^ r ** comes from the French nfrtridis" 
sant = cooling.) OritioEd points in the cooling curve 
of iron and steel. 

Arborescent (arbareaeere ss to become a tree\ Tree- 
like. (G. tannmbaun^mig ; F. arhorescmt) 

Austenite (in honour of W. 0. Boberts-Austen). A con- 
stituent of steel. Produced when iron containing more 
than 1*5 per cent, of carbon is suddenly quenched in 
cold water from 1100° 0. It is softer and less mag- 
netic than the martensite with which it is always 
associated. A needle drawn across a polished surface 
scratches austenite more deeply thBH martensite. 
Under Osmond's polish attack with ammonium nitrate, 
austenite remains white ; martensite turns brown, with 
fibres having zig|zag appearance. Jtiptner von Jonstorff 
considers austenite to be a solution of atomic carbon 
or ionized iron carbide in iron. (O. Awtenit ; F. 
au8tmit$.) 

Bacillar (hacillum » little rod). Bod-shaped. (Gt. sidb^ 
chenfdrmtg ; F. baciUaire.) 

Beta iron, or /3-iron. An allotropic form of iron stable 
between 860^ and 700° 0. Isomoiphous witii alpha 
iron. Is hiurd and non-magnetic (Ot. Bekhmen; F. 
ferbita.) 

Blowholes. Small cavities-ne^herical or ellipsoidal — 
found in ingots of cast metals. They are due to 
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babbles of gas which have not been able to escape 
before the metal became completely solid. (G. SIosM' 
Aohkaumej BUmn ; F. soufflures.) 

Brittleness (Old Eng.)* Property of being more or 
less easily broken. Oansed by want of cohesion between 
deayage plames of crystal grains or their joints. (G. 
BrUchigheit; Y.fragim.) 

Burned ^Old Ei^.). Applied to a metal which is 
brittle m conseqnence of a chemical alteration of its 
mass due to excessive heating. The sp. gr. of burnt 
steel is less than the original metal, becanse the 
evolution of gas in the solid metal has separated some 
of the crystal grains one from the other. The carbon 
is generally low near the external surface. Oxide of 
iron may be often detected on the surface of the grains. 
Steel may be burnt by heating in an inert atmosphere. 
Oxidation is then impossible. Burnt steel is generally 
— ^not always--coarsdy granular and easily fractured. 
(G. verhrannt ; F. hruU^ 

Cancellated (cancellare = to make a lattice). Latticed ; 
that is, crossed by two series of parallel lines. (G. 
gitterf&rmig ; Y.formk m trMKs.) 

Capillary (capHlus =s a haur). A hairlike structure. 

Carbon (earbo = coal). Several varieties of this element 
occur in iron and steel. 

1. CarNde ccMrbeni or cemlrined carbon. The condition 
in which carbon occurs in oementite. Juptner von 
Jonstorff distinguishes three varieties of combine 
carbon, di-, tri-, and tetra-carbon. (G. Carbidekohle ; 
F. carbon du carbide,) 

2. Annealing or temper carbon. Finely divided 
carbon having the properties of graphite which 
separates from white cast iron and certain steels on 
prolonged annealing, and, according to Ledebur, from 
high carbon steel when it is raised to a red heat by 
rapid hammering. '^Temper" in G^man has a 
different meaning to the English word ^^ temper." 
*^ Aimealing " is the best term to use. (G. Temperhohh ; 
F. carbon de rectdi.) 

8. Oraphitic carbon. The carbon which separates 

I 
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from highly carburized molten iron daring solidification. 
(0. Oraplits ; F. graphite.) 

4. Missing carbon. That carbon in hardened and 
tempered steels which does not give a coloration when 
ste^ is dissolved in nitric acid of sp. gr. 1*20. 

5. Hardening carbon. The conation of carbon 
which confers hardness to steel when qaenched from 
above Ar^. It is said to be combined carbon. (G. 
HdrtimgshohUnstoff ; F. carbon de trempe.) 

Cellular (cellula = a little cell.) Oontaining irregular 
spheroidal or ellipsoidal cavities. Applied to net-like 
or a meshed stractore. (G. zellig ; F. eelltdaire.) 

Cementite« A name given by H. M. Howe to the iron 
carbide which, according to the works of Abel, Muller, 
and Osmond, has the formula F^O. The term is nsed 
in a general way for all the carbides which exist in 
cast iron and steel, whether these carbides contain 
manganese chromium, etc. Gementite exists in 

franules, thin plates, or in comparatively hard masses, 
ts hardness on Mohs* scale is 6. Is not coloured by 
polishing or etching with dilute nitric acid, iodine 
solution, hvdrogen chloride, or alcohol, etc. The 
cementite wnich is a constituent of pearlite, has been 
called '* s^egated *' cementite (Sauveur) ; the cementite 
which occurs independently is then called '^free'* 
cementite. It is, perhaps, better to call the former 
''pearlite-cementite,'' the latter ^'excess cementite.'* 
(G. CemenUt; F. cimentile.) 

Cleavage (Old Eng.). The property possessed by 
crystals uid crjrstal grains of splitting more readily in 
certain directions than in others. These directions 
are called cleavage planes. The cleavi^ planes are 
not necessarily related to the external faces of the 
crystals. (G. Spaltbarkeit ; F. clivage.) 

Cohesion {coluxrere = to stick). The force of attraction 
by which particles are held together. (G. Kohasion ; 
F. collision.) 

Cold-short. Gold-short steel is steel which is weak and 
brittle when cold. (G. haUbriichig; F. cassanthfroid.) 

Conchoidal (^^YXn = ^^U, clSos s form). Shaped like 
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a shell. Applied to the concaye and oonyez fractures 
of some alloys of zinc and copper, tin and copper, 
glassy slags, etc. (6. mtuehliff ; F. e&nehdtdal.) 

Congealed solution. A homogeneons solution after 
solidification, irrespective of whether the constituents 
of the solution in the latter state form a mixture or a 
solid solution in the true sense of the word. Do not 
confuse with solid solution, q.v. (G. errstarrte Losung ; 
F. solution congiUe.) 

Constituent (comtituere = to constitute). The structural 
parts of which alloys and metallic substances are buQt. 
Alloys containing only two or more elements or com- 
ponents may have three or more constituents. (G. 
Bestandtheile^ OefilgebestandOmU^ Oefiigebildner ; F. 
eomtitijumt) 

Cooling curve. A graphic representation of the thermal 
chimges which occur when liquid or solid substances 
cool from a higher to a lower temperature, and in 
which time and temperature are co-ordinates. Cooling 
curves may be represented in several ways : — 

1. Take temperature, 0, and time, ^, reckoned from 
the commencement of cooUng,, as co-ordinates. 

2. Take temperature, 0, and the time required for 
cooling down from that temperature through a definite 
number of degrees, as co-ordinates. 

8. Take temperature, $y dsxA. the difference between 
the time required for the cooling of the metal under 
investigation, and the time necessary for cooling some 
other metal (say, platinum), as co-ordinates. These 
are sometimes called differential cooling curves. (G. 
Abhiihlvngshjirvey KUMunghwrve ; F. cowle de refroi- 
dissemmt) 

Critical points. The points at which a physical or 
chemical change takes place. For instance, in the 
cooling of pure iron or steel from 900^ G. an evolution 
of heat occurs at the points designated Ar, and Arg. 
This indicates that a physical change occurs at these 
temperatures. If the change occurs not at one fixed 
point, but extends over several degrees, the interval is 
csJled a zone. (G. hritische PunUe^ HaltqpunUe; F. 
foints critiques.) 
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Cryptocrystalline (jcyn;«TO( s hidden). When the 
cryBtaUine f onn of a suhBtftnce is so fine that only 
traces of the dystalline slnictaie can be detected, even 
nnd^ the microscope. 

Crystal (^ftpvcrraXAos » ciyBtal, ice). This term, as dis- 
tingnished from mere geometrical solids, is the 
invariability of the angles between corresponding faces 
in different individnaJs of the same substance. The 
term is sometimes used for particles of crystals, alio- 
triomorphic crystals, psendomorphic crystals, and 
ciystallites. (Q.Krystall; F.crUtal.) 

Crystal grain. An allotriomorphic crystal, or a frag- 
moit of crystal devoid of its crystal faces and angles. 
(6. KrystaUkom ; F. grain eriataUin.) 

Crystalline. In crystallography the term refers to the 
I^ysical properties of crystallized matter, and is 
applied to any body, or portion of a body, which 
" possesses these properties, withont regard to the 
external form. In petrology the same word refers to 
mineral aggregates which consist of crystallized sub- 
stances, wtether in the form of perfect crystals, or 
merdy as graips poBseasing the physical properties of 
crystals. JQ. krystalUn ; F. crystalling 

Crystallite. A word used with several different mean- 
ings. For Sample, it is nsed for all indefinitely 
cr^talline or incipient forms of individualization of 
mmerals ; imperfect crystals in which the plane faces 
and angles are not developed ; and for the crystal 
elements which build up the ciystaL (G. Krystallit ; 
F. cristallite.) 

Crystallized. Befers to any substance, whatever the 
external form, which has been produced by a process 
of crystallization, and which possesses the physical 
properties of crystallized matter. (G. hrysiMisirt ; 
F. cristaUid.) 

Cuboidal. Cube-shaped. Applied to crystals which 
appear to have the form of a cube in certain micro- 
sections of alloys. (G. wv/rf$lf&rmig ; F. dpmpris de 
la forme cTun cube.) 

Cuneiform or Cuneate (euneue s a wedge). Wedge- 
shaped (G. ieUfSrmig ; F. ctmUforme.) 
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Cuspidate {putfi^ » a point). Spearnihaped ; tapering 
abraptly. (G. ypeerfdrmig ; F. termini m painUT) 

Dendritic (£cFSpo€ & a tree). Tree-like. See *'Arbor- 
eecent." (G. drndnHsch^ verdsMt; F. dendritiqvs.) 

Druse (druse s bonny — Ckr.). A cavity having its 
interior smface studded with crystalB. (O. Druse; 
P. giode.) 

Ductility (ducere = to lead). The property of metals to 
eloneate and bend. '* Those metals and alloys in 
which sliding can take place along the cleavage planes 
without separation occurring.'* (G. dehniarkett ; F. 
ductUiti.) 

Elastic limit. The maximum stress a substance will 
bear without suffering permanent deformation, dis- 
tortion, or fracture. Usually expressed in tons per 
square inch, or in kilograms per square millimetre. 
(G. Mastieitatsffreme ; F. limit cTelasticiti.) 

Elasticity (IXaweiv s to drive). The property of a 
substance in virtue of which it tends to recover its 
size and shape after distortion. (G. Elasticitdt; F. 
dastidti^ 

Elasticity, Modulus of. If a rod or wire of length { 
be stretched until it becomes 2 + 1» then y is the ex- 

teneaon per unit of length ; and if the force causing 
the extension be/ units, and a units be the sectional 
area of the rod or wire, then the force or stress per 

unit of crosaHsection will be *^. Then Tonng's 
modulus is defined as — 

^ { fi 

Tonng'B modnlns » i5SH = i = « 

r 

In iton and steel Young's modnlns is about 18,000 tons 
per square inch. In tAhec words, a stress of one ton 
per square inch vHI produce an extension of ftifttt h 
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of the original length. (G. ElasticitdUmodtd ; F« eo- 
efficient cTelasticite.) 

Embrittling. A term nsed by Howe for those elements 
which produce brittleness when added to steel. 

Equilibrium curve. A cnrve showing the relation be- 
tween temperature and oomposition* temperature and 
pressure, pressure and volume, etc., of any system, 
for alloys an equilibrium curve shows the relation 
between the temperature and composition of an 
heterogeneous system, in which the pliases present are 
in equHibrium with each other. An approximation to 
the curve can be obtained by plotting a set of cooling 
curves ; but in order to obtain a true equilibrium curve 
in this way it would be necessary for the equilibrium 
curve to be indefinitely slow. (Gt. GleiehgeuneMsharve ; 
F. courbe cTeqtUUbre.) 

Etching (aetzen s to corrode— Ger.) In order to 
develop the constitutional and crystalline structure of 
metals and allovs, the polished surfaces are subjected 
to the action of suitable reagents — ^nitric acid, iodine, 
sulphuric acid, hydrochloric acid, etc. This action is 
termed etching. (G. Aetsm ; F. atta^pM chimiqm,) 

Etching figures. Figures, generally hoUowed-out pits, 
obtained by suitably etching crystalline surfaces, 
polished surfaces, or the surfaces of cleft crystals. 
They have a close connection with the orientation of 
the surfaces of th^ crystals. If the crystals are 
equivalent in form and orientation, the figures will be 
uniform ; if not, the figures will be different. Etching 
figures are very useful for deciphering the crystalline 
structure of a '^crystalline body.** In amorphous 
bodies there are no etching figures. Very often their 
size and form depends upon the duration of tiie 
etching process, and on the etching medium employed ; 
hence etching figures are not considered to be identical 
with the crystal elements which build up the crystal 
(G. Aetzfiguren ; F. contours cFattaque.) 

Eutectic alloy (ciln^icros = easily melted or liquefied). 
A term used by Guthrie, in 1875, to indicate that 
mixture of two substances which has a lower melting- 
point tlum any other mixture of the same constituents. 
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All eutecti(d have a lower melting-point than that of 
the mean of their constitnents. Entectic allojs have 
nsnaUy one of three different stmctnres — *' carved 
plates/* ^^flat plates,'' and honeycombed or cellular. 
As a rule, after polishing and etching, eutectics have a 
mother-of-pearl or opal appearance when viewed by 
oblique illumination. Many eutectics take on crys- 
talline forms during solidification. (G. euteMsch ; F. 
eutecHque.) 

Eutectic point. The common point of intersection of 
two inclined branches, and an approximately horizontal 
line in the freezing-point curves. The horizontal line 
is called the eutectic line. The alloy which has the 
composition corresponding with the eutectic point is 
called an eutectic alloy; hdote solidification, a eutectic 
soliUion; after solidification, a eutectic mixture; the 
temperature at which the eutectic alloy solidifies is 
called the eutectic temperature. (G. eutek&scher Punkt; 
F.pointe eutectique.) 

Pace. A bounding plane surface of a crystal. 

Fatigue {fcUigare = to fatigiie}. When a metal is strained 
just beyond the elastic limit it mav recover its original 
form on standing some time. Tne metal is then said 
to be fatigued. (G. elastische Nachwirhmg ; F. 
fatigue.) 

Ferrite (Jerrum =s iron). Term prqKwed by H. M. Howe 
for iron. The term is now used for that part of steel 
or iron containing no carbide, or at least not more 
than a trace in solid solution. It covers, therefore, 
iron which may or may not contain silicon, manganese, 
nickel, etc., which form solid solution or isomorphous 
crystallized mixtures with iron. Ferrite is the softest 
structural constituent. It is unmistakably recognized 
as the production of cuboidal etching figures after 
treatment with nitric acid or copper-ammonium 
chloride (1 : 12) solution. (G. Ferrit ; V. ferrite.) 

Fibrous. Thread-like. Composed of fibres or threads. 
Fractured surfaces of some metals may indicate a false 
fibrous structure. The fibrous fractured surface may 
be the result of tension, which draws out the cryst^ 
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grains into threads or fibres. {Q. famg^ Behimg ; F. 

Fissile {fisstts^ from finders as to split). Can be split into 
laminae. (Ot. hldttrig spcAtbar ; F. clivabU.) 

Foliated {folium «= a leaf). Composed of thin layers or 
plates. (0. blattrig ; F. UmMaire.) 

Fracture (Jrangere s to break). The broken surface of 
a metal or alloy. ^Gl^. Brum ; F. cassure.^ It may be 
conchoidal (q-v.) ; nbrons (q.v.^ ; hackly (q.v^ ; ron^h 
(0. rauh; F. inigcUe) ; smootn (G. eben; F. uni^ ; 
splintery (G..^?»/^; V. ecailleuse.) 

Freezing-point curve. A graphic representation of a 
set of cooling curves of a series of aUovs of two or 
more sabstances when the temperature and composition 
are co-ordinates. See ^'equilibrium curves.*' (G. 
ErsUxrrungsmnkteshurve^ Oefrierpunktshurm ; F. couriB 
defuaihUUi?) 

Friable (JriarB s to rub to small pieces). Easily crumbled 
or powdered. (Gt. brocMig ; Y. friable.) 

Gamma iron, or y-iron. An allotropic non-magnetic 
condition of pure iron existing at temperatures above 
850^ 0. It crystallizes in the cubic system, and its 
crystalline forms are combinations of the cube and 
octahedron (more frequently the latter) derived from 
the cube. In passing from /3- to y-iron an evolution 
of heat occurs. (G. OamTna^eieen ; F. fer gamma.) 

Glass-hardness, The greatest decree of liardness steel 
is capable of receiving on quenching from above Ari. 
(G. Oiasharte ; F. dureti du verre.) 

Gliding plane. A definite direction in a crystal in which 
the molecules glide over one another. A distinction is 
drawn between "deformations occurring with twin 
formations " and ** deformations by translation." If 
a change of form has occurred, due to twin formation, 
this can be traced by means of etching figures subse- 
quent to polishii)^ the material. This cannot be done, 
however, in the case of a change of form by *'slip." 
The change is then onlv noticeable if the deformation 
occurs subsequent to tne polishing. It is rendered 
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apparait by dip-bands. These disappear immediately 
on etohingy and no farther trace is to be seen. The 
etching fignres are not altered in appearance from the 
former ones. (G. OUi^UUhB ; F. plan de eUvage.) 

Globulite Qflohis =s a globe^. In mineralogy, a mdi- 
mentary crystal, spherical m shape ; in crystallogniphyy 
the jKrst visible nncleos of a growing crystal in a 
crystallizing solntion. 

Grain {granum s= a small particle). A grain may or may 
not be crystalline ; it may be roonded or irregularly 
shaped ; separate or joined to other grains. Th^ term 
is often used in reference to the fracture of steel — 
coarse grain, fine grain, etc. As all such steels are 
crystalline, the term ^^ grain " ^en appUed to metals 
is often r^aided as a contcaction for ^ crystal grain " 
or " crystaQine grain.'* (G. K(rm ; F. grain.) 

Granular. Composed of %ra^ ^^ irregular crystalline 
particles, e.g. sandstone, marble, granite, iron, and 
steel. (G. komig ; F. grmu.) 

Granulitic. A term applied by Michel-L6vy to holo- 
crystalline rocks composed of juxtaposed grains, all 
approximately the same size, ana independently 
oriented. Iron and steel and many other aUoys have 
these oharacters. (Gt. grantditiseh ; ¥. granulitiqne.) 

Grinding (O.E.). The process of preparing smooth 
surfaces Dy abrasion. (G. Schleifen ; F. adoum.) 

Ground-mass. The matrix of a rock in which crystals 
are embedded. The mass which preponderates. (G. 
Orundmasse ; F. masse fondamentaU.) 

Hackly rO.E.). Bough. Having fine, short, sharp points 
on the surface. Annealed steels have a hackly 
fracture. Ooarse grained. (G. nack^f ; F. nache.) 

Hardening (O.E.). The process of heating steel to above 
Ari and suddenly quenching in water. (G. Edrten ; 
F. trempe.) 

Hardenite. Martensite in the form of a eutectic solution. 
The term was first applied by Oharpy (1897) to 
martensite with 0*89 per cent, of carbon. (G. EardenU ; 
F. hardenik.) 
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Hardness. The resiBtanoe offered by a body to the 
separation of its particles. The hardness of a mineral 
is measured by the force required to scratch it with a 
steel point or other sharp-jpointed fragment of some 
harder mineral. The resnlts obtained from one and 
the same mineral vary slightly with the crystalline face 
experimented upon, and even with the direction on 
one and the same face. (G. HdtU ; F. dureU.) 

Relative hardness may be expressed by reference to 
(i.) Mohs' scale : 

1.— Talc. 

2.— Bo^kaalt. 
3.— Oalcite. 
4. — ^Fluorspar. 
5. — Apatite. 
6. — Orthoclase. 
7. — Quartz. 

9. — Cbmndmn. 
10. — ^Diamond. 

(ii.) Behrens nses sharply pointed needles of different 
d^rees of hardness to determine the relative hardness. 
The materials employed have the following values on 
Mohs' scale ; — 

I'D.— Lead. 

1-7.— Tin. 

2-0.— Tin with iron. 

l-5-2'2.— Hard lead. 

2-5.— Zino. 

8*0. — Chopper. 

8*1. — ^BraaB wire. 

8*3.— Gnn metal. 

8'5.~Bronze with 12 per cent. tin. 

8*7. — ^Bronze with 18 per oent. tin. 

8'7-3*9.— Iron wju», 

5*0-5*5. — Sewing needles. 

4*0. — ^Needles tempered veUow. 

5*0. — ^Needles tempered bine. 

6*0. — ^Drill steel tempered yellow. 

6*2-6*5. — Chrome steel. 

7*0-7*3. — Ferro chrome. 

(iii.) Brinell's method is described in Jotirn. Iron and 
Steel Inst, 69. L 269, 1901. See '' Natural hardness," 
^^ glass hardness," " tempered hardness." 
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Heating curve. A grapMc i^reBentation of tihe Uiermal 
changes which occur when solid substances are heated. 
Time and temperatnre are the co-ordinates. See 
" Cooling curve, " Equilibrium curve." (6. ErhUzunga- 
hwrve; F. cowrie Wmumffemmt,) 

Heat-tinting. The process of heating polished surfaces 
of metals and alloys in air or other gas until the 
constituents become differently coloured. (G. AnJmsm ; 
F. oxt/datimpar ehauffageS) 

Heat-tints. The tints produced by heat-tinting. (G. 
Anlauffarbm; Y. colorations dereeviU) 

Holocrystalline (3\o5 = whole). Composed wholly of 
crystalline material, having no interstitial matter. 
Pure iron, copper, solid alloys, etc., are holocrystalline. 
(G. vollkrystallin; F. holocristalUn*) 

Honeycombed. Unsound from blowholes in castings, 
alloys, etc. (G. blasig^ bienmwahig^ wahig ; F. venteux.) 

Hot-short. The brittleness of steel when worked hot. 

Hypereutectic steel (vV^ = over, above). Steel con- 
taining more than the eutectic proportion 0*9 per cent, 
of carbon. 

Hypoeutectic steel {wr6 = under, beneath). Steel 
containing less than the eutectic proportion 0*9 per 
cent, of carbon. 

Hysteresis (vorepciv = to lag behind). The persistency 
with which certain bodies tend to retain a previous 
condition. Retardation of magnetization (magnetic 
hysteresis), Ewing also uses the word in the more 
general sense of a dissipation of energy occurring in 
any cycle of operations. (G. Hysteresis ; F. hysterisis.) 

Idiomorphic (ffiiog = peculiar ; fiopi^i; = form). Crystals 
which have develop their external form freely. (G. 
idUmorph ; F. idiomorpfie.) 

Imbricated (imbricare = to cover with tiles). Overlap- 
ping like the slates of a roof. Such structures are 
often developed on the surfaces of polished metals and 
alloys by etching. (G. dackziegelartig ; F. imhriquk,) 

Inclusions {includere = to shut in). Many metals contain 
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indniioiui of rai and mechanically sospended foreign 
matter. (G. mMMwB^ ; F. mdwions.) 

Intercrystalline (inter = between). Between crystate. 
Applied to eatectic and other Bubstances in certain 
alloys Borrounding the crystalline grains. The term is 
often synonymons with ** intergrannlar." (O. zwisehen 
Krystallm Uegmd oder verlattf&nd; F. mtereristaUin.) 

IntergranuUr {inter = between). Between grains. (G. 
zwisehen Karnem liegend oder verlaitfend; F. interceUr 
Maire.) 

Interpenetration. The infiltration of more infnsible 
matter between crystalline faces. It is probable that 
the harmfal effects of segregation are due to the 
natural strength between crystalline faces being 
destroyed by the interpenetration of weak and brittle 
snbstances such as iron solphide and iron phosphide. 
(G. Durchdringung ; F. piniiratian.) 

Intracrystalline {wUra » within). Withm or inside the 
oryiialB. 

Isomeric (hot s eqnal ; ftmc = part). Formerly applied 
to all bodies of eqnal molecmar weighty bnt now the 
term is restricted to bodies which not only possess 
identical molecular weights, bnt are also of similar 
<^emical type and posseBS different physical and 
chemical properties. (G. isomeriech ; F. ieomirigm.) 

Isomorphous (Zo-o^ = eopaX^ M^p^ - form). A tenn 
applied to crystals similar in form. It is also applied 
to snbstances which crystallize together to form a 
homogeneoos whole, even ihongh the two constitnents 
do not crystallize in the same form. See ^' Mixed 
crystals." (Qt. isomorph ; F. isomorphe.) 

Isomorphous mixture. Bodies which crystallize to- 
gether to form a homogeneous whole. 

Jog (O.E.). A term nsed by Howe to express the sndden 
limited extensions which certain metals nndergo at 
different tenacities. The term was derived from the 
peculiar shape of the curve obtained when the metal is 
subjected to tension. Under proper conditions, iron 
and steel of certain dasses, if they have previously 
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been neither worked cold, nor hardened by qnenching^ 
give string diagrama with a well-marked bend where 
fierions permanent Bet first oocnrs. This bend, of 
which the shape varies much, is called the " jog.'* 

Jogless. Befers to ironior metals whose stress-strain diagram 
has not this peculiar inflexion. The term '^ smooth " 
might be misunderstood. 

Joint (O.E.). The planes of junction of crystalline grains. 
(G. Fvg^^ Komgrmm ; F. joint') 

Lamella Qamna = a plate). A thin plate ; e.g. plates of 
graphite in grey pig iron, and of cementite in pearlite. 
(G. FldUchm, Blattehm; F. lamlU.) 

Lamellar (lamina » a plate). Divisible into thin plates. 
(G. hlatkig ; F. lam$nair&,) 

Lamina. A thin leaf-like plate. (Q. BlaUchm ; F. lame.) 

Lanceolate (lanmla = a little lance). Lancenihaped ; 
tapering gradually. (G. lanzMich ; F. laneioU.) 

Lap (O.E.). A portion of iron or steel folded over on 
itself; the walls are ozodized and cannot unite. A 
lap is caused by careless hammering, or by badly por- 
portioned grooves in rolls, or by careless rolling, or 
projections on the ingots. (G. /ah; F. criqtse.) 

Lattice structure. A structure developed on etching 
Hadfield's manganese steel and certain other metals. 
(G. gitUrfdrmig Sbrucbwr^ Netzweric ; F. treillis.) 

Lenticular (lens = a lentil). Shaped like a lens. (G. 
linsmfdrmiff ; F. Imttcvtaire.) 

Liquation Qiquare = to melt). The flowing out from 
partially solid metals or alloys of a portion of the still 
fluid mass. (G. Saigerung; F. liquation.') 

Lustre (Itcatrare - to purify). A term used in describing 
the character of the reflections obtained from the 
fractured surfaces of minerals and rocks. (G. Glam ; 
F. eclat) There are several kinds : adamantine (G. 
Diamant- ; F. adamantin) ; greasy (G. Fetih ; F. graa) 5 
metallic (G. MBtallr- ; F. miiallique) ; pearly (G. Pert- 
muUer- ; F. nacrf) ; resinous (G. Harz^ ; F. rmniyx)\ 
silky (G. Seidenr- ; F. soyeux) ; vitreous (G. Olas* ; F. 
vitr&ux) ; Waxy {Wach^ ; F. dreViX). 
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Macles (macula = a spot). STnonymons with twin crys- 
tals. (G. ZtaiUingB; F. macles!) 

Macroscopic (juucpit = large). A term used in contra- 
distinction to microscopic, to imply that the character 
in qnestion is visible to the naked eye. (G. mdkro^ 
skapisch; F. macroscopiqtte.) 

Margarite (jiopyapiTq^ sa pearl\ Vogelsang's name {Die 
KrystdUUm^ Bonn, 19, 1875; for the linear arrange- 
ment, like strings of beads, assnmed by crystallites. 

Martensite (in honour of A. Martens). A constituent of 
steel prodnced when small samples are quenched in 
cold water. The structure characteristic of polished 
and etched hardened steels. It has the appearance of 
interlacing rectilinear fibres frequently arranged so as 
form triangles. The structure is very fine in 1 per 
cent, carbon steel, and coarse in 0*45 per cent, carron 
steel. Some regard martensite as a solid solution of 
carbon in iron ; Jiiptner considers it to be a solid 
solution of iron carbide in iron ; Oampbell gives it the 
composition OaFei. - (G. Martensit; F. martensite.) 

Massive. A term used in contradistinction to ^'strati-, 
fied." The term has been used for free cementite as 
distinct from that in jiearlite. The term does not 
imply that the material is homogeneous. (G. massiv; 
F. massif.) 

Matrix {mater ss mother). This term embraces ** mother 
substance " and eutectic. (G. Orundmasse ; F. magma.) 

Megascopic (fie/as s= great). See *' Macroscopic." 
Metallography {metallum s a metal). A description 
of the structure of metals and their alloys. The science 
which deals with the composition, constitution, struc- 
ture, and physical properties of jmetals and alloys, 
but does not include the art of metallurgy. That 
branch deali^ with iron and its alloys has b^n called 
" siderology." (G. MetaHlographie ; F. mitallographie.) 

Metallurgy. The art of working metals comprising the 
whole process of extracting them from their ores, 
smdting, refining, etc. (G. HUtenhunde; F. mitaU 
lurgie.) 

Melting-point curve. Identical with the freezing-point 
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carve, ^.v. (0. Schmlzp\m}eUT&wrvt ; F. cowrhe des 
paints d$ fusion.) 

crystals. A term lued for two or more sub- 
BCanoes which cryBtallize together as a homogeneonB 
whole. The homogeneous solation of two or more 
cr]^tallized bodies while in a solid state. From the 
point of view of the phase role these form a single 
phase. (G. MischkrystalU ; F. cristaux nUUs.) 

Mother liquid. During the process of congelation of 
any system consisting of several subi^ances in a state 
of solntion, a portion of the solution remains in a 
fluid state after the separating out of solid crystals ; 
this liquor is termed "mother liquor,*' or "mother 
liquid." In systems consisting of two constituents 
with a eutectic point, the composition of this liquid 
approximates as congelation proceeds to that of the 
eutectic mixture, and quite attains to this composition 
before the whole mass passes into the solid state. (Ot. 
MuUerlange ; F. liguewT'ifnire.) 

Natural hardness. The original degree of hardness 
possessed by steel bdore quenching above Ati. (0. 
Naturharts ; F. dvreU naturelh.) 

Needle. See " Adcular." (G. Nadsl ; F. aiguUU.) 

Non-eutectic cementite. That part of cementite in 
iron and steel which is external to the pearlite in high 
carbon steel. 

Orientation (prire s to rise). The relative direction of 
the axes of crystals or of the axes of elasticity in two 
or more crystals, or the relative position of these axes 
with re^rd to a certain surface or line ; for instance, 
the polished surface or a cleavage plane, etc. (G. 
Orimtinmg ; F. orimtatim.) 

Osmotic pressure i&Otlv = to push). When two liquids 
are separated by the intervention of a porous dia- 
phragm, a flow of liquid takes place from one side 
to the other, or sometimes an unequal flow of the 
two liquids in opposite directions. This phenomenon 
is termed " osmose,*' and the pressure exerted by a 
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diflsolved BQlxAanoe in its solation ill termed its ofimetic 
pressure. (&. osmoti&cher Druck ; F. pression osmoiique.) 

Pearlite. A term applied by Howe for the *' pearly 
constitiient '* of steel dis()OYered by Sorby. It consists 
of alternating plates of cementite and f eirite, or sorbite, 
or grains of cementite embedded in ferrite or sorbite. 
Jiiptner considers the cementite of pearlite consists 
chiefly of the carbide O4EU, but that sorbite possibly 
oontauis OsFe». This view is in harmony with E. D. 
Campbell's data* (Gt. PerlU; F.perlUe.) 

Pearly constituent. Scrip's original term for what is 
now called pearlite. Named owing to its peculiar 
mother-of-peu:l like colours. 

Phase. A phase is defined to be a mass chemically or 
physically homogeneous, or as a mass of uniform con- 
centration. (G. Phase; V, phase,) 

Phase rule. A rule for finding the number of phases 
which can exist in a system containing a certain 
number of components, and haying a certain number 
of degrees of freedom. It connects t<^ether the 
number of components degrees of freedom, and possible 
phases in equilibrium. The phase rule states that in a 
system of n components there can exist in equilibrium 
n + 2 phases if the system be nonvariant, n + 1 if it 
be univariant, n if it be divariant, etc. (O. Phasenregel ; 
Y.loides phases,) 

Pipe (A.S.). A cavity formed in the central upper part 
of an ingot. (G. Lunker^ SchmndungshoMraum ; F. 
retassurej) 

Polish attack. When an alloy contains two or more 
constituents of different degrees of hardness, bv long- 
continued friction on a soft polishing surface, they are 
worn away in different degrees, the hardest constituent 
being least acted upon, the softest most. The surfaces 
have all the appearance of, having been etched. (G. 
BeUe/polieren ; 'E.polissagemlas^elitf.) 

Polish etching. The process of acting upon polished 
surfaces of metals by friction on parchment moistened 
with a sol. of: ammonium nitrate, so as to reveal 
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the Btractnre. Sorbite, trooBtite, and martensite 
are coloared ; ferrite and cementite remain white. 
(G. Aetsgpolierm ; F. polissage attaque.) 

Polishing (poUr$ = to polish). The process of preparing 
perfectly bright and smooth surfaces free from even 
microscopic scratches. (Q.Polierm; Y. polissage.) 

Polyhedral (iroXveSpos = many sides). Applied to crystal 
grafais having two or more different shapes. 

Polymorphism (iroXvs ss many ; /Aop<^i7 = form). The 
property possessed by some substances of assuming two 
or more forms of molecular structure. (G. Polymor- 
phismus; F.polf/motphisme.) 

Prismatic (irpiVfia = prism). Befers to crystals which 
occur in columnar forms giving lath-shaped sections. 
(Q. prismaHsehj saulmfdrtnig ; F. prismatiqm.) 

Pseudomorphous (f cuSi^s = false ; fwpffy^i = form). , A 
false form, applied to minerals possessing a crystelline 
form other tnaji their own, which they have obtained 
by displacement or alteration of the original mineral. 
Osmond has recently used the term for crystalline 
grains in iron, where their forms are determined by 
mutual interference. (O. pseudomorph ; F. pseudo- 
marphe,) 

Radiating (radiare ss to emit rays). When the fibres are 
arranged around a central point like the spokes round 
a wheel. 

Recalescence {re = anew ; calor = heat). The phenome- 
non of evolution of '^ internal '' heat, which occurs 
when iron and steel cool through critical zones. (G. 
Recalescenz ; F. recalescence.) 

Red-short. Steel which is brittle on working at a red 
heat. (0. Bothhruchig; F. cassant d, chaud.) 

Reticulated (reticulum = a little net). The appearance 
of network traversed by two sets of paraUel lines. 
(6. netzf&rmig^ netzartig; F. r&ictUi.) 

Rotation effect. An expression used by Heycock and 
Neville to describe the lighting up and darkening of 
the crystalline grains in the etdiea surface of polished 
metal, when rotated before oblique rows of light. 

K 
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Ewing and BoBenhain oae the term '* sdectiye effect of 
oblique light*' 

Scaly. In plates which overlap one another like the 
Bcalee of a fish. (G. schtqipig ; F. scaOieux.) 

Schillerization {Schiller =s play of colonn— Oer.^. Befers 
to the necoliar bronze-like Instre, ^' schiller,*' in certain 
minerals, due to the presence of minnte inclusions in 
parallel positions. 

Schlerometer (o-icXi^pJs s hard). An instrument for the 
determination of the relative hardness of bodies. (Gt. 
Sklerom$ter ; F. scUromUre.) 

Scoriaceous {o-kS^ = dung). Having the appearance of 
scoriae. Term used to describe unknown ** mclusions *' 
in metals and alloys. (G. sehlackenartig^ BcMaohig ; 
F. 9coriae6.) 

Scoriae. Oinder or slag from metallurgical processes. 
(O. sehlackenarHger Korper ; F. scories^ 

Seam (O.E.). A seam is an effect caused by a blowhole, 
which working has brought out to the surface, and not 
eliminated. It usually, or always, runs in the du'ection 
of working. Seams are distinguished from laps by not 
being continuous; they are usually only an inch or 
two in length. (0. NcM; F. couture.) 

Segregation (segregare s to separate). A term applied 
to the more fusible parts of alloys which are last to 
freeze, and are driven into certain local centres by the 
part which freezes first. Segr^ations are generally 
found near the centre of a casting, and are more pro- 
nounced in large masses. (G. Ausechridung^ Saigerung ; 
F. s6gr6gation7) 

Short. See " Goldnshort," " Hot-short," and " Red-^hort." 

Siderology (o-tdi/po? = iron). The branch of metallography 
which treats of iron ana its alloys. 

Skeleton crystals ((nceXcros £= a dried body). The 
incipient forms of crystallization in whieh some metals 
or alloys appear when cast. (G. KrystallsketetUf gestrickte 
Farmen ; r, rSseau du crisM.) 

Slag inclusions. Particles of slag enclosed in a metal. 
(G. tScMackenBinscfdiissB ; F. scories mfermies.) 
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Slip-bands. Microscopic appearance in the smootli snr- 
facBB of metals i^r straining caused by slips along th^ 
cleavage or gliding planes of the crystalline grains. 

Solid solutions. Yan't Hoff^s term for a homogeneous 
mixture of two or more substances in the solid state. 
The mixture may be crystalline or non-crystalline. 
The former may be '^isomorphous mixtures/' or 
" mixed crystals." (G. /<wfe Losungm ; P. solutions 
solides,) 

Solidified solution. See *< Congealed solutions." (0. 
errstarrte Lbstmg ; F. soltetion congiUe.) 

Solution plane. Yon Ebner's term (1814) for the plane 
of a cmtal surface, which is most easily attacked 
when submitted to chemical action. (G. Losung/ldche ; 
F. directicn d$ solution.) 

Sorbite. An alleged constituent of steel named in honour 
of H. 0. Sorby. It is obtained by cooling sufiSciently 
slowly to allow the transformation to proceed far 
enough and sufficiently rapid to produce out an im- 

Serf ect separation of ferrite and cementite. This is 
one by oooling small samples in air, and then towards 
the ena of recalescence, in cold water, or molten lead ; 
or reheating martensite (tempering) to a blue colour. 
It is an intermediate form between martensite and 
pearlite. It gives a brown colour by the polish attack, 
or by iodine or dilute acids. Juptner believes sorbite 
to lie a solution of Fe90, in iron. (Gt. Sorbit; F. 
sorbite.) 

Spherulitic structure {y^harula =i 2k little sphere). 
Peculiar to vitreous rocks, and eutectics of rapidly 
cooled alloys. So called because of the presence of 
smaU spheroidal bodies — spherulites. The latter, under 
the microscope, seem to have a divergent fibrous struc- 
ture. This structure is common with rapidly cooled 
eutectics: lead-tin, antimony-lead, gold-lead. (G. 
spMrolithische Siruktur ; P. structure glohuHaire.) 

State of aggregation. A term frequently used bv 
chemists when referring to the different forms in which 
matter may exist — solia, liquid, or gas. 

Stellate (steUa = a star). Badiating from a centre as in 
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some copper-fcin aUoys rich in tin, in which the com- 
pound OnSn cryBtalfizeB in stellate or starlike f onn& 
&. Sernfarmig; F. m Stoile,) 

Superficial tension. The smrface of a liquid has a 
greats tension than any part of the interior. The 
surface seems as if it were covered by a stretched 
elastic film. The surface tension is greater, the greater 
the cohesion of die liquid. (G. OlSrfldehmspannunff ; 
F. tension stgperficielle.) 

Surface tension. See ** Superficial tension.'' 

Suffusion (sur = beyond). A transitory liquid state at 
temperatures below the normal freezing-point. (Qr, 
Ubersehmeizung ; F. surfusion.) 

Temper (O.E.). Term used by steel-maker. Refers to 
quantity of carbon present, but more generally to the 
colour to which haraened steel has be^ annealed. It 
is the steel-maker's measure of initial hardness; the 
steel-user's y^naZ hardness. (G. Kohlungsgrad; F. degri 
de recuU). The temper may be : low temper (G. 
weich) ; medium or high temper (G. mittelhart^ hart) ; 
straw-yellow (G. strohgelb^ F. jaune paUle); brown 
(Ot. braun, F. arun) ; ^olet (6. violett^ F. violk) ; blue 
(G. blauy F. bleu); low temper steel (G. weiches 
FhjLSseism) ; medium temper steel (G. mittelhartes Flus- 
smen) ; high temper steel (G. harter Stahl Flusseisen), 

Tempering colours. Oolours which apjpear on iron or 
steel surfaces when heated in air. (G. Anlauffarben^ 
Anlassfarbm ; F. cotdevrs de recvit.) 

Tenacity (tenere s to hold). The resistance to rupture 
presented by a substance whose elastic limit has been 
exceeded. (G. Lugfestigheit ; F. UnacitS.) 

Troostite. An alleged constituent of steel named in 
honour of L. Troost, a French chemist. It is obtained 
by quenching steel at certain temperatures. Like 
sorbite, it is supposed to be an intermediate form 
between martensite and pearlite. The transitional 
stages being : martensite -> troostite -> sorbite -> 
pearlite. It is softer than martensite, and more easily 
attacked by acids. It gives a brown colour when 
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treated by the polish attack. It is coloured dark by 
a solntion of 1 c.c. of hydrochloric acid in 100 c.c. of 
alcohol, while martenBite is not affected. It is con- 
sidered, by some, to be a solntion of FesCs in iron. 
(G. Troostit; F. troostite.) 

Twinned (O.E.). A crystal is twinned when two por- 
tions of the same individnal, or two different individuals 
are related to one another according to a definite law. 
(G. verzwilUngty zwUlingsUldung ; F. hSmitrope^ macU.) 

Vesicular (vesieula s= a little blister). Oontaining small 
holes. (G. mit BUschm besetzt ; F. viskvlaire.) 

Widmanstaten figures. Certain patterns which appear 
on etched surfaces of meteoritic iron. Named fSfter 
A. B. Widmanstatten. J. 0. Arnold and A. McWilliam, 
Nature^ 71. h2, 1904. 
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Preface by Professor F. Clowes, D.Sc. (Lond.), F.I.C. Crown 8vo., 2J. 

ORGANIC CHEMISTRY : the Fatty Compounds. With 45 Illus- 

trations. Crown 8vo. , y. 6d. 

PHYSICS, ETC. 

rZ>6^6>(9Z).— ELEMENTARY PHYSICS AND CHEMISTRY FOR 

THE USE OF SCHOOLS. (In Three Books.) By John Bidgood, B.Sc., Head- 
master of the Gateshead Secondary Day School. 

Book I. Elementary Physics. With 120 Illustrations. Crown 8vo., 
Book II. Physics and Chemistry. With 122 Illustrations. Crown 

8vo., I J. 6d. 

Book III. Chemistry. With 108 Illustrations. Crown 8vo., 2s. 
LONDLOT.—' N ' RAYS. A Collection of Papers communicated to 

the Academy of Sciences. With additional Notes and Instructions for the Construction 
of Phosphorescent Screens. By R. Blondlot, I'rofessor in the University of Nancy. 
Translated by J. Garcin. With Diagrams. Crown 8vo., y. td. net. 

95^.— RESPONSE IN THE LIVING AND NON-LIVING. By 

JAGADIS Chunder Bose, M.A. (Cantab.), D.Sc. (Lond.), Professor, Presidency 
College, Calcutta. With 117 Illustrations. 8vo., ioj. (>d, 

4A^(97:— Works by PROFESSOR GANOT. Translated and Edited 

by E. Atkinson, Ph.D., F.C.S., and A. W. Reinold, M.A., F.R.S. 

ELEMENTARY TREATISE ON PHYSICS, Experimental and 

Applied. With 9 Coloured Plates and Maps, and 1048 Woodcuts, and Appendix of 
Problems and Examples with Answers. Crown 8vo. , 15J. 

NATURAL PHILOSOPHY FOR GENERAL READERS AND 

YOUNG PEOPLE. With 7 Plates, 632 Woodcuts, and an Appendix of Questions. 
Crown 8vo., js. 6d. 

'.AZEBROOK AND SHA fT.— PRACTICAL PHYSICS. By R. T. 

Olazebrook, M.A., F.R.S., and W. N. Shaw, M.A. With 134 Illustrations. Fcp. 
Svo. , ^s. 6d. 

JTIfRIE. — MOLECVLAR PHYSICS AND SOUND. By F. 

GUTHRIK, Ph.D. With 91 Diagrams. Fcp. 8vo., u. 6rf. 

^LMI/OZTZ.—FOFVLAR LECTURES ON SCIENTIFIC SUB- 
JECTS. By Hermann von Helmholtz. Translated by E. Atkinson, Ph.D., 
F.C.S., formerly Professor of Experimental Science, Staff College. With 68 Illustra- 
tions. 3 vols. , crown 8vo. , y. 6d. each. 

^JVDERSON.—EUEME^TKRY PHYSICS. By John Henderson, 

D.Sc. (Edin.), A.I.E.E., Physics Department, Borough Road Polytechnic. Crown 
I Svo., 2J. 6d. 
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PHY8IC8, ETC— CdnUnued. 

MACLEAN,— EXERCISES IN NATURAL PHILOSOPHY. By 

Magnus Maclean, D.Sc, Professor of Electrical Engineering at the Glasgow and 
West of Scotland Technical College. Crown 8vo., 4s. 6d. 

MEYER,— THE KINETIC THEORY OF GASES. Elemental) 

Treatise, with Mathematical Appendices. By Dr. OsKAR Emil Meyer. 8vo,, 15J. net. 

VAN 'TifOFE— THE ARRANGEMENT OF ATOMS IN SPACE. 

By J. H. VAN 'tHoff. With a Preface by Johannes Wislicenus, Professor of 
of Chemistry at the University of Leipzig ; and an Appendix, ' Stereo-chemistry among 
Inorganic Substances,' by Alfred Werner, Professor of Chemistry at the University 
of Zlirich. Crown 8vo. , dr. 6d, 

JFATSON— Works by W. WATSON, F.R.S., D.Sc, Assistant Professor 
of Physics at the Royal College of Science, London. 

ELEMENTARY PRACTICAL PHYSICS: a Laboratory Manual 

for Use in Organised Science 5)chools. With 120 Illustrations and 193 Exercises. 
Crown 8vo. , zs. 6d. 

A TEXT-BOOK OF PHYSICS. With 568 Diagrams and Illustra- 

. tions, and a Collection of Examples and Questions with Answers. Large crown 
8vo., 10s. 6d. 

WA TTS. — AN INTRODUCTION TO THE STUDY OF 

SPECTRUM ANALYSIS. By W. Marshall Watts, D.Sc. (Lond.). B.Sc. 

(Vict.), F.LC, Senior Physical Science Master in the Giggleswick School. With 
13s Illustrations and Coloured Plate. 8vo., 10s. 6d. net. 

WORTHINGTON—K FIRST COURSE OF PHYSICAL LABORA- 
TORY PRACTICE. Containing 264 Experiments. By A. M. Worthington, 
C.B., F.R.S. With Illustrations. Crown 8vo., 4J. 6rf. 

^ye/G^^r.— ELEMENTARY PHYSICS. By Mark R. Wright, M.A., 

Professor of Normal Education, Durham College of Science. With 242 Illustrations. 
Crown 8vo. , 2J. dd, 

MECHANICS, DYNAMICS, STATICS, HYDROSTATICS, ETC. 

BALL.—K CLASS-BOOK OF MECHANICS. By Sir R. S. Bali., 

LL.D. 89 Diagrams. Fcp. Bvo., ts. 6d, 

GOODEVE.— Works by T. M. GOODEVE, M.A., formerly Professor 
of Mechanics at the Normal School of Science, and the Royal School 
of Mines. 
THE ELEMENTS OF MECHANISM. With 357 Illustrations. 

Crown 8vo. , 6i. 

PRINCIPLES OF MECHANICS. With 253 Illustrations and 

numerous Examples. Crown 8vo., 6s. 

A MANUAL OF MECHANICS: an Elementary Text-Book for 

Students of Applied Mechanics. With 138 Illustrations and Diagrams, and i ' 
Examples taken from the Science Department Examination Papers, with Answers. 
Fcp. 8vo., 2j. 6d. 

GOODMAN— MECHANICS APPLIED TO ENGINEERING. By 

John Goodman, Wh.Sch., M.I.C.E., M.I.M.E., Professor of Engineering in the Urn 
versity of Leeds. With 714 Illustrations and numerous Examples. Crown 8vo. , gs. net. 
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MECHANICS, DYNAMICS, STATICS, HYDROSTATICS, ETC.- OonHnuea, 

G/^I£F£. — LESSONS IN ELEMENTARY MECHANICS. By 

W. H. Grieve, late Engineer, R.N., Science Demonstrator for the London School 
Board, etc. 

Stage I. With 165 Illustrations and a large number of Examples. Fcp. 8vo., is. 6d. 

Stage 2. With 122 Illustrations. Fcp. 8vo. , is. 6d. 

Stage 3. With 103 Illustrations. Fcp. 8vo., is, 6d. 

UfAGJVUS.— Works by SIR PHILIP MAGNUS, B.Sc, B.A. 
LESSONS IN ELEMENTARY MECHANICS. Introductory to the 

study of Physical Science. Designed for the Use of Schools, and of Candidates for 
the London Matriculation and other Examinations. With numerous Exercises, 
Examples, Examination Questions, and Solutions, etc., from 1870-1895. With 
Answers, and 131 Woodcuts. Fcp. 8vo.; 3J. 6d. 
Key for the use of Teachers only, price y. ^d. 

HYDROSTATICS AND PNEUMATICS. Fcp. 8vo., is. 6^.; or, 

with Answers, 2s. The Worked Solutions of the Problems, 2s. 

^[/ZZ£J\r.— MECHANICS : Theoretical, Applied, and Experimental. 

By W. W. F. PULLEN, Wh.Sch., M.I.M.E., A.M.I.C.E. With 318 Diagrams and 
numerous Examples. Crown 8vo., 45. 6d. 

WBIJ\rSOJV.— ELEMENTS OF DYNAMICS (Kinetics and Statics). 

With numerous Exercises. A Text-book for Junior Students. By the Rev. J. L. 
Robinson, M.A. Crown 8vo., 6s. 

'MITIf.— Works by J. HAMBLIN SMITH, M.A. 
ELEMENTARY STATICS. Crown 8vo., 3s. 
ELEMENTARY HYDROSTATICS. Crown 8vo., 3^. 
KEY TO STATICS AND HYDROSTATICS. Crown 8vo., 6s. 

ARLETON.—KN INTRODUCTION TO THE MATHEMATI- 
CAL THEORY OF ATTRACTION. By Francis A. Tarleton, LL.D., Sc.D., 
Fellow of Trinity College, and Professor of Natural Philosophy in the University of 
Dublin. Crown 8vo., 10s. 6d. 

'A YLOR.— Works by J. E. TAYLOR, M.A., B.Sc. (Lond.). 

THEORETICAL MECHANICS, including Hydrostatics and Pneuma- 
tics. With 175 Diagrams and Illustrations, and 522 Examination Questions and 
Answers. Crown 8vo. , 2J. 6d. 

THEORETICAL MECHANICS— SOLIDS. With 163 Illustrations, 

120 Worked Examples and over 500 Examples from Examination Papers, etc. 
Crown 8vo. , 2s. 6d. 

THEORETICAL MECHANICS.— FLUIDS. With 122 Ilhi&trations, 

numerous Worked Examples, and about 500 Examples from E> amination Papers, 
etc. Crown 8vo. , 2s. 6d. 

H 01^^ TO N. — THEO'SiETlCAL MECHANICS— SOLIDS. In- 
cluding Kinematics, Statics and Kinetics. By Arthur Thornton, M.A., F.R.A.S. 
>Vith 200 Illustrations, 130 Worked Examples, and over 90c Examples from Evamina- 
tion Papers, etc. Crown 8vo., 4J. W, 
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MECHANICS, DYNAMICS, STATICS, HYDROSTATICS, ETC.- Ooniinued. 

TlV/SZ>EJ\r.— Works by the Rev. JOHN F. TWISDEN, M.A. 
PRACTICAL MECHANICS; an Elementary Introduction to theil 

Study. With 855 Exercises, and 184 Figures and Diagrams. Croym 8vo., lar. 6d 

THEORETICAL MECHANICS. With 172 Examples, numeroui 

Exercises, and 154 Diagrams. Crown 8vo. , Ss. 6d. 

IVIZZ JAMS ON.— INTRODUCTION TO THE MATHEMATI 

CAL THEORY OF THE STRESS AND STRAIN OF ELASTIC SOLIDS. B 
Benjamin Williamson, D.Sc., F.R.S. Crown 8vo., y. 

WILLIAMSON AND TARLETON. — KN ELEMENTAR1 

TREATISE ON DYNAMICS. Containing Applications to Thermodynamics, wit 
numerous Examples. By Benjamin Williamson, D.Sc., F.R.S., and Francis A 
Tarleton, LL.D. Crown 8vo., los. 6d. 

IVOI^TH/NGTON— DYNAMICS OF ROTATION: an Elementar 

Introduction to Rigid Dynamics. By A. M. Worthington, C.B., F.R.S. Crow 
8vo., 4s. 6d. 

MENSURATION, SURVEYING, ETC. 

BjRAB ANT.— TRE ELEMENTS OF PLANE AND SOLID MENSU 

RATION. With Copious Examples and Answers. By F. G. Brabant, MJ 
Crown 8vo., y. 6d. 

CIfIF£/^S.— ELEMENTARY MENSURATION. By G. T. ChiverJ 

Head Master of H.M. Dockyard School, Pembroke. With Answers to the Example! 
Crown 8vo , $s. 

GI^IBBLE.—FREhlMlNARY SURVEY AND ESTIMATES. B 

Theodore Graham Gribble, Civil Engineer. Including Elementary Astronom 
Route Surveying, Tacheometry, Curve Ranging, Graphic Mensuration, Estimate 
Hydrography and Instruments. With 133 Illustrations, Quantity Diagrams, ai 
a Manual of the Slide-Rule. Fcp. 8vo., 7s. 6d. 

HILEY.— EXPLANATORY MENSURATION. By the Rev. Alfre 

HiLEY, M.A. With a Chapter on Land Surveying by the Rev. John Hunter, M. 
Containing numerous Examples, and embodying many of the Questions set in the L,o< 
Examination Papers. With Answers. i2mo.,2j. 6rf. 

i^^Wr^i??. — MENSURATION AND LAND SURVEYING. 

the Rev. John Hunter, M.A. i8mo., u. Key, is. 

i 

LODGE. — MENSURATION FOR SENIOR STUDENTS. I 

Alfred Lodge, M.A., late Fereday Fellow of St. John's College, Oxford; Profess 
of Pure Mathematics at the Royal Indian Engineering College, Cooper's Hill. Wi 
Answers. Crown 8vo., 45. 6d. 

LONGMANS' SCHOOL MENSURATION. By Alfred J. Pearc 

B.A. (Inter.), Hons. Matric, (London), With numerous Diagrams. Crown 8vo. Wi 
or without Answers, zs. dd. 
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MENSURATION, SURVEYING, ^TC- Continued, 

LONGMANS' JUNIOR SCHOOL MENSURATION. To meet the 

Requirements of the Oxford and Cambridge Junior Local Examinations, the College 
of Preceptors, etc. By W. S. Beard, F.R.G.S., Head Master of Fareham Modern 
School. With Answers to Exercises and Examination Papers. Crown 8vo. , u. 

LUPTON.—K PRACTICAL TREATISE ON MINE SURVEYING. 

By Arnold Lupton, Mining Engineer, Certificated Colliery Manager, Surveyor, 
Member of the Institution of Civil Engineers, etc. With 216 Illustrations. Medium 
8vo., I2J. net. 

A^^^^/r.— PRACTICAL MENSURATION. By A. Nesbit. Illus- 
trated by 700 Practical Examples and 700 Woodcuts. i2mo., 3J. td. Key, 55. 

5J//rzr.— CIRCULAR SLIDE RULE. By G. L. Smith. Fcp. 

8vo., iJ. net. 

ALGEBRA, ETC. 

For other Books, see Longmans 6* Co. 's Catalogue of Educational and School Books. 
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/VNNALS OF MATHEMATICS. {Published under the Auspices 
OF Harvard University,) Issued Quarterly. 4to., 2j. net. 

CONSTABLE and J//ZZ5.— ELEMENTARY ALGEBRA UP TO 

AND INCLUDING QUADRATIC EQUATIONS. By W. G. Constable, B.Sc., 
B.A., and J. Mills, B.A. Crown 8vo., 2j. With Answers, 2J. 6d, 

Also in Three Parts. Crown 8vo.. cloth, limp, gd, each. Answers. Three Parts. 
Crown 8vo., paper covers, 6d, each. 

VRACKNELL^ — VI^ACTICM. MATHEMATICS. By A. G. 

Cracknell, M.A., B.Sc., Sixth Wrangler, etc. With Answers to the Examples. 
Crown 8vo., 3J. 6^. 

LONGMANS^ JUNIOR SCHOOL ALGEBRA. By William S. 

Beard, F.R.G.S., Head Master of the Modern School, Fareham. Crown 8vo., if. 6d. 
With Answers, 2^. 

SM/TIf.— Works by J. HAMBLIN SMITH, M.A. 
ELEMENTARY ALGEBRA. New Edition, with a large number 

of Additional Exercises. With or without Answers. Crown 8vo. , y. 6d. Answers 
separately, 6d. Key, Crown 8vo., 9J. 

*^f* The Original Edition 0/ this Book is still on Sale, price is. 6d, 

EXERCISES IN ALGEBRA. With Answers. Fcap. 8vo., 25. 6d. 

Copies may be had without the Answers. 

WELSFORD AND MA Fa— ELEMENTARY ALGEBRA. By J. W. 

Welspord, M.A. , formerly Fellow of Gonville and Caius College, Cambridge, and 
C. H. P. Mayo, M.A., formerly Scholar of St. Peter's College, Cambridge; Assistant 
Masters at Harrow School. Crown 8vo., y. 6d., or with Answers, 4s. 6d. 
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OONIO SECTIONS, ETC. 

CASEY,— k TREATISE ON THE ANALYTICAL GEOMETRY 

OF THE POINT. LINE. CIRCLE, AND CONIC SECTIONS. By John Casey. 
LL.D., F.R.S. Crown 8vo., 12.?. 

SALMON,— h TREATISE ON CONIC SECTIONS, containing an 

Account of some of the most Important Modem Algebraic and Geometric Methods. 
By G. Salmon, D.D., F.R.S. 8vo., lar. 

^ilf/rZ?:— GEOMETRICAL CONIC SECTIONS. By J. Hamblix 

Smith, M.A. Crown 8vo., y. 6d, 

THE CALCULUS, LOGARITHMS, ETC. 

^^^iT^^.— GRAPHICAL CALCULUS. By Arthur H. Barker, 

B.A., B.Sc. With an Introduction by John Goodman, A.M.I.C.E. With 61 
Diagrams. Crown 8vo. , 41. (kL, 

MELLO/^, — RIGREK MATHEMATICS FOR STUDENTS OF 

CHEMISTRY AND PHYSICS. With special reference to Practical Work. By 
J. W. Mellor, D.Sc., Research Fellow, The Owens College, Manchester. With 
142 Diagrams. 8vo., 12s. 6d. net. 

MURRAY,— ^oxks by DANIEL ALEXANDER MURRAY, Ph.D. 

AN INTRODUCTORY COURSE IN DIFFERENTIAL EQUA- 
TIONS. Crown 8vo., 4J. 6d. \ 

A FIRST COURSE IN THE INFINITESIMAL CALCULUS. 

Crown 8vo. , js. 6d. 

(7£>£A.—AN ELEMENTARY TREATISE ON LOGARITHMS, 

EXPONENTIAL AND LOGARITHMIC SERIES, UNDETERMINED CO- 
EFFICIENTS, AND THE THEORY OF DETERMINANTS. By James J. 
O'Dea, M.A. Crown 8vo., 2j. 

7:4 Z£.— PRINCIPLES OF THE DIFFERENTIAL AND INTEGRAI^ 
CALCULUS. By Thomas Tate. i2mo., 4s. 6d. 

TA YLOR.—'^orV^ by F. GLANVILLE TAYLOR. 
AN INTRODUCTION TO THE DIFFERENTIAL AND IN 

TEGRAL CALCULUS AND DIFFERENTIAL EQUATIONS. Crown 8vo.,9< 

AN INTRODUCTION TO THE PRACTICAL USE OF LOGA1 

RITHMS, WITH EXAMPLES IN MENSURATION. With Answers to 
Exercises. Crown 8vo., is. 6d. 

WILLIAMSON,— V^orVs by BENJAMIN WILLIAMSON, D.Sc. 
AN ELEMENTARY TREATISE ON THE DIFFERENTIAL 

CALCULUS; containing the Theory of Plane Curves, with numerous Examples 
Crown 8vo., loj. 6d. 

AN ELEMENTARY TREATISE ON THE INTEGRAL CALCU< 

LUS ; containing Applications to Plane Curves and Surfaces, and also a Chapter 
the Calculus of Variations, with numerous Examples. Crown 8vo., lor. 6rf. 
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GEOMETRY AND EUCLID. 

For other Works, see Longmans 6» Co.*s Catalogue of Educational and School Books. 



^ZZil/^iV:— GREEK GEOMETRY FROM THALES TO EUCLID. 

By G. J. Allman. 8vo., ioj. td, 

BARI^ELL.—l^UEME^TK^Y GEOMETRY. By Frank R. Barrell, 

M.A., B.Sc, Professor of Mathematics, University College, Bristol 
Section I. Part I. , being the subject-matter of Euclid, Book I. Crown 8vo. , is. 

Section I. Part II., containing the subject-matter of Euclid, Book III. 1-34, and Book IV. 
4-9. Crown 8vo. , i j. 

Section I. complete. Crown Svo. , 2j. 

Section II. , containing the remainder of Euclid, Books III. and IV., together with the subject- 
matter of Books II. and VI. With explanation of Ratio and Proportion, Trigono- 
metric Ratios and Measurement of Circles. Crown Svo. , 15. 6d. 

Sections I. and II. in one volume. Crown 8vo., y. 6d. 

Section III., containing the subject-matter of Euclid, Book XI., together with a full treat- 
ment of volume and surface of the cylinder, cone, sphere, etc. Crown 8vo. , is. 6d, 

Sections I., II. and III. complete in one volume. Crown 8vo., 4J. 6d, 

CAS£Y.— Works by JOHN CASEY, LL.D., F.R.S. 
THE ELEMENTS OF EUCLID, BOOKS I.-VI. and Propositions, 

I.-XXI. of Book XL, and an Appendix of the Cylinder, Sphere, Cone, etc. With 
Copious Annotations and numerous Exercises. Fcp. 8vo., 4^. 6d. Key to Exercises. 
Fcp. Svo. , 6s. 

A SEQUEL TO THE ELEMENTS OF EUCLID. Part I. Books 

I.-VI. With numerous Examples. Fcp. 8vo., y. 6d. 

A TREATISE ON THE ANALYTICAL GEOMETRY OF THE 

POINT, LINE, CIRCLE AND CONIC SECTIONS. Containing an Account of 
its most recent Extension. Crown 8vo., i2j. 

flAMILTOM — ELEMENTS OF QUATERNIONS. By the late 
Sir William Rowan Hamilton, LL.D., M.R.I. A. Edited by Charles Jasper 
JOLY, M.A., Fellow of Trinity College, Dublin. 2 vols. 4to. 21s. net each. 

.ONGMANS' LIST OF APPARATUS FOR USE IN GEO- 
METRY, ETC. 

1. LONGMANS' ENGLISH AND METRIC RULER. Marked on one edge in Inches. 

Eighths, Tenths and Five- fifths. Marked on the other edge in Centimetres. Price id. net. 

2. LOW'S IMPROVED SET SQUARES. Designs A & B. 45° to 60°. 

A I 45° 4'M CB I 45° 4" each i/- net. A i 60° 4'M fB i 60° 4" each i/- net. 
A 2 45° 6" [or{ B 2 45° 6" „ 1/3 „ A 2 60° 6" }ot\ B 2 60° 6" „ 1/3 „ 
A3 45°6rJ lB3 4S°8r „ 2/- „ A 3 60° S^'J (b 3 60° 8^" „ 2/- „ 

3. LOW'S IMPROVED PROTRACTORS (Celluloid). Protractor No. 2. 3" radius, 

marked in degrees, 6d. net. Protractor No. 3. 4" radius, marked in ^degrees, gd. net 

4. LOWS ADJUSTABLE PROTRACTOR SET SQUARE. 2s. 6d. net. 

5. LONGMANS' BLACKBOARD ENGLISH AND METRIC RULE. One Metre; 

marked in decimetres, centimetres, inches, half-inches and quarter-inches. 2s, 6d, 
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GEOMETRY AND EXJClAXy-Ooniinued. 

Z(9 ^.—TEXT-BOOK ON PRACTICAL, SOLID, AND DESCRIP 

TIVE GEOMETRY. By DAVID Allan Low, Professor of Engineering, East London 
Technical College. Crown 8vo. 

Part I. With 1 14 Figures, 2j. Part 11. With 64 Figures, 3^. 
THE DIAGRAM MEASURER. An Instrument for measuring the 

Areas of Irregular Figures and specially useful for determining the Mean Effective 
Pressure from Indicator Diagrams from Steam, Gas and other Engines. Designed by 
D. A. Low. With Full Instructions for Use. xs. net. 

MORRIS AND IfUSBANZ>.—FRACTlCAL PLANE AND SOLID 
GEOMETRY. By I. Hammond Morris and Joseph Husband. Fully Illustrated 
with Drawings. Crown 8vo., 2s. 6d, 

J/(9^^ZS.— GEOMETRICAL DRAWING FOR ART STUDENTS. 

Embracing Plane Geometry and its Applications, the Use of Scales, and the Plans and 
Elevations of Solids as required in Sc^ction I. of Science Subjects. By I. Hammond 
Morris. Crown 8vo., ar. 

5i//7:^.— ELEMENTS OF GEOMETRY. By J. Hamblin Smith, 

M.A. Containing Books i to 6, and portions of Books ix and 12, of Euclid, with 
Exercises and Notes. Cr. 8vo., y. 6d. Key, crown 8vo., 8j. 6d. 

Books I and 2, limp cloth, is. 6d.y may be had separately. 
SjP002V£R,— THE ELEMENTS OF GEOMETRICAL DRAWING: 

an Elementary Text-book on Practical Plane Geometry, including an Introduction to 
Solid Geometry. Written to include the requirements of the Syllabus of the Board of 
Education in Geometrical Drawing and for the use of Students preparing for the Military 
Entrance Examinations. By Henry J. Spooner, C.E., M.Inst.M.E. Cr. 8vo., 35. 6d. 

^/Z5(9A^.— GEOMETRICAL DRAWING. For the use of Candidates 

for Army Examinations, and iis an Introduction to Mechanical Drawing. By W. N. 
Wilson, M.A. Parts I. and II. Crown 8va, 4^. 6d. each. 

^/A^T:^:^.— ELEMENTARY GEOMETRICAL DRAWING. Bv 

S. H. Winter. Part 1. Including Practical Plane Geometry, the Construction of Scales, 
the Use of the Sector, the Marquois Scales, and the Protractor. With 3 Plates and 
1000 Exercises and Examination Papers. Post 8vo. , 5^. 

OPTICS, PHl)fOGRAPHY, ETC. 

ABNEY.—K TREATISE ON PHOTOGRAPHY. By Sir William dl 

Wiveleslie Abney, K.C.B., F.R.S., Principal Assistant Secretary of the Secondary 
Department of the Board of Education. With 134 Illustrations. Fcp. 8vo., 55. 

DRUDE.—TYiE THEORY OF OPTICS. By Paul Drude, Professor 

of Physics at the University of Giessen. Translated from the German by C. Ribor^. 
Mann and Robert A. Millikan, Assistant Professors of Physics at the University of 
Chicago. With no Diagrams. 8vo., 151. net. 1 

(S^Z^Z^^ii'^^C^^.— PHYSICAL OPTICS. By R. T. GlazebrookJ 

M.A., F.R.S., Principal of University College, Liverpool. With 183 Woodcuts of 
Apparatus, etc. Fcp. 8vo., 6s. 

VANDERFOEL,^CO\.OK PROBLEMS : a Practical Manual for the 

Lay Student of Color. By Emily Noyes Vanderpoel. With 117 Plates in Color. 
Square 8vo. , 21J. net. 

W^^/6^^r.— OPTICAL PROJECTION : a Treatise on the Use of the 

Lantern in Exhibition and Scientific Demonstration. By Lewis Wright, Author o| 
• Light : a Course of Experimental Optics ', With 232 Illustrations, Crown 8vo., & 
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TRIGONOMETRY. 

CASEY,— A TREATISE ON ELEMENTARY TRIGONOMETRY. 

By John Casey, LL.D., F.R.S., late Fellow of the Royal University of Ireland. With 
numerous Examples and Questions for Examination. i2mo. , 3^. 

GOODWIN,— ^hK^-Es AND SPHERICAL TRIGONOMETRY. By 

H. B. Goodwin, M.A. In Three Parts, comprising those portions of the subjects, 
^ theoretical and practical, which are required in the Final Examination for Rank of 

Lieutenant at Greenwich. 8vo. , 8j. 6d. 

JONES, — THE BEGINNINGS OF TRIGONOMETRY. By A. 

Clement Jones, M.A., Ph.D., late Open Scholar and Senior Hulme Exhibitioner 
of Brasenose College, Oxford ; Senior Mathematical Master of Bradford Grammar 
School. Crown 8vo., 2j. 

AfA Ka— ELEMENTARY TRIGONOMETRY. By C. H. P. Mayo, 

M.A., late Scholar of St. Peter's College, Cambridge; Assistant Master at Harrow 
School. With Examples and Answers. Crown 8vo., 3^. 6d. 

SMIIH, — ELEMENTARY TRIGONOMETRY. By J. Hamblin 

Smith, M.A. Crown Svo. , 4J. 6d. Key, 7s. 6d. 



SOUND, LIGHT, HEAT, AND THERMODYNAMICS. 

Z^^XT:^:^?.— ELEMENTARY PRACTICAL SOUND, LIGHT AND 

HEAT. By Joseph S. Dexter, B.Sc. (Lond.), Physics Master, Technical Day 
School, The Polytechnic Institute, Regent Street. With 152 Illustrations. Crown 
8vo., 2J. 6d. 

EMTAGE,— LIGHT, By W. T. A. Emtage, M.A., Director of Public 

Instruction, Mauritius. With 232 Illustrations. Crown 8vo., 6s, 

ffEZMHOLTZ. — ON THE SENSATIONS OF TONE AS A 

PHYSIOLOGICAL BASIS FOR THE THEORY OF MUSIC. By Hermann 
von Helmholtz. Royal Svo. , 28s, 

MAXWELL,— THEORY OF HEAT. By J. Clerk Maxwell, M.A., 

F.R.SS., L. and E. With Corrections and Additions by Lord Ra^leigh. With 38 
Illustrations. Fcp. 8vo., 4s. 6d, 

FLANC^.— TREATISE ON THERMODYNAMICS. By Dr. Max 

Planck, Professor of Theoretical Physics in the University of Berlin. Translated, 
with the Author's sanction, by Alexander Ogg, M.A., B.Sc, Ph.D., late 1851 Ex- 
hibition Scholar, Aberdeen University; Assistant Master, Royal Naval Engineering 
College, Devonport. Svo. , 7s. 6d. net. 

SMITB,—THE STUDY OF HEAT. By J. Hamblin Smith, MA., 

of Gonville and Caius College, Cambridge. Crown Svo. , 3^. 

TYNDALL,—Y^oxV% by JOHN TYNDALL, D.C.L., F.R.S. See p. 36. 

WORMELL,—A CLASS-BOOK OF THERMODYNAMICS. By 

Richard Wormell, B.Sc., M.A. Fcp. Svo., u. td. 

WEIGHT,— \Nor\iS by MARK R. WRIGHT, M.A. 

SOUND, LIGHT, AND HEAT. With 160 Diagrams and Illus- 
trations. Crown Svo. , 2j. 6d. 

ADVANCED HEAT. With 136 Diagrams and numerous Examples 

and Examination Papers. Crown Svo. , 45. 6d, 
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ARCHITECTURE, BUILDING CONSTRUCTION, ETC. 

ADVANCED BUILDING CONSTRUCTION. By the Author of 

' Rivingtons' Notes on Building Construction*. With 385 Illustrations. Crown 8vo., 
4J. td. 

BENN.-STYUE IN FURNITURE. By R. Davis Benn. With 

102 Plates by W. C. Baldock. 8vo., 21 j. net. 

BOOKER. — ELEMENTARY PRACTICAL BUILDING CON- 
STRUCTION. Stage I. By F. W. Booker. With 727 Illustrations. Crown 8vo.. 
2j. 6d. 

BURRELL. — BUILDING CONSTRUCTION. By Edward J. 

BuRRELL, Second Master of the People's Palace Technical School, London. With 
303 Working Drawings. Crown Svo. , 2J. dd, 

GWILT.—K^ ENCYCLOPAEDIA OF ARCHITECTURE. By 

Joseph Gwilt, F.S.A. Revised (1888), with Alterations and Considerable Additions 
by Wyatt Papworth. With 1700 Engravings. 8vo., 21 J. net. 

HAMLIN,— A TEXT-BOOK OF THE HISTORY OF ARCHITEC- 
TURE. By A. D. F. Hamlin, A.M. With 229 Illustrations. Crown 8vo., 7s. 6d. 

PARKER AND UNfVIM— THE ART OF BUILDING A HOME: 

A Collection of Lectures and Illustrations. By Barry Parker and Raymond 
Unwin. With 68 Full-page Plates. 8vo., 10s. 6d. net. 

i?/CZr^7eZ>5.— BRICKLAYING AND BRICKCUTTING. By H. W. 

Richards, Examiner in Brickwork and Masonry to the City and Guilds of London 
Institute, Head of Building Trades Department, Northern Polytechnic Institute, 
London, N. With over 200 Illustrations. 8vo., y.6d, 

ROIVE.— THE LIGHTING OF SCHOOLROOMS: a Manual for| 

School Boards, Architects, Superintendents and Teachers. By Stuart H. Rowe, | 
Ph.D. With 32 Illustrations. Crown Svo., y. 6d. net. 

SEDDON.—BUIUDEK'^ WORK AND THE BUILDING TRADES.! 

By Col. H. C. Seddon, R.E. With numerous Illustrations. Medium 8vo., 16;. 

THOMAS.— THE VENTILATION, HEATING AND MANAGE- 
MENT OF CHURCHES AND PUBLIC BUILDINGS. By J. W. Thomas. 
F.I.C., F.C.S. With 25 Illustrations. Crown 8vo., 2J. 6d. 

FALDER.— BOOK OF TABLES, giving the Cubic Contents of fronr 

One to Thirty Pieces Deals, Battens and Scantlings of the Sizes usually imported or 
used in the Building Trades, together with an Appendix showing a large number d 
sizes, the Contents of which may be found by referring to the aforesaid Tables. By 
Thomas V alder. Oblong 410., 6s. net. 

RIVINGTONS' COURSE OF BUILDING CONSTRUCTION. 

NOTES ON BUILDING CONSTRUCTION. Medium Svo. 

Part I. With 695 Illustrations, 10s. dd. net. 

Part II. With 496 Illustrations, \os, 6d, net. 

Part III. Materials. With 188 Illustrations, iZs, net. 

Part IV. Calculations for Building Structures. With 551 Illustra- 
tions, 13J. net. 
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STEAM, OIL, AND GAS ENGINES, AND MOTORS. 

BALE.—K HAND-BOOK FOR STEAM USERS; being Rules for 

Engine Drivers and Boiler Attendants, with Notes on Steam Engine and Boiler 
Management and Steam Boiler Explosions. By M. Powis Bale, M.I.M.E., 
A.M.I.C.E. Fcp. 8vo., ar. 6d. 

CLERK,— TH^ gas and oil engine. By Dugald Clerk, 

Member of the Institution of Civil Engineers, Fellow of the Chemical Society, Member 
of the Royal Institution, Fellow of the Institute of Patent Agents. With 228 Illus- 
trations. 8vo., 15J. 

DIFLOCK,—K NEW SYSTEM OF HEAVY GOODS TRANSPORT 

ON COMMON ROADS. By Bramah Joseph Diplock. With 27 Illustrations and 
Diagrams. Medium 8vo. , 6s. 6d. net. 

FLETCHER.— mi^GlASU AND AMERICAN STEAM CARRIAGES 

AND TRACTION ENGINES. By William Fletcher, M.Inst.Mech.E. With 
250 Illustrations. 8vo., 15J. net. 

HOLMES.— TH^ steam ENGINE. By George C. V. Holmes, 

C.B., Chairman of the Board of Works, Dublin. With 212 Illustrations. Fcp. 8vo., 6s. 

LO IV.— THE DIAGRAM MEASURER. An Instrument for measur- 
ing the Areas of Irregular Figures and specially useful for determining the Mean Effective 
Pressure from Indicator Diagrams from Steam, Gas and other Engines. Designed by 
D. A. Low, Professor of Engineering, East London Technical College, London. With 
Full Instructions for Use. is. net. 

NEILSON.—THE STEAM TURBINE. By Robert M. Neilson, 

Associate Member of the Institute of Mechanical Engineers, etc. With 28 Plates 
and 212 Illustrations in the Text. 8vo., 10s. 6d. net. 

HOERLS.—K PRACTICAL TREATISE ON THE * OTTO ' CYCLE 

GAS ENGINE. By William NoRRis, M.LMech.E. With 207 Illustrations. 8vo.. 
loj. 6d. 

PARSONS.— ^TEAM BOILERS: THEIR THEORY AND DESIGN. 

By H. DE B. Parsons, B.S., M.E., Consulting Engineer; Member of the American 
Society of Mechanical Engineers, American Society of Civil Engineers, etc. ; Professor 
of Steam Engineering, Rensselaer Polytechnic Institute. With 170 Illustrations. 8vo., 
10s. 6d. net. 

RIFPER.—'WoxVs by WILLIAM RIPPER, Professor of Engineering in 
the Technical Department of University College, Sheffield. 
STEAM. With 185 Illustrations. Crown 8vo., 2s. 6d. 
STEAM ENGINE THEORY AND PRACTICE. With 441 Illus- 

trations. 8vo., 9J. 

SENNETT AND ORAM.— THE MARINE STEAM ENGINE : A 

Treatise for Engineering Students, Young Engineers and Officers of the Royal Navy 
and Mercantile Marine. By the late Richard Sennett, Engineer-in-Chief of the 
Navy, etc. ; and Henry J. Oram, Deputy Engineer-in-Chief at the Admiralty, 
Engineer Rear Admiral in H.M. Fleet, etc. With 414 Diagrams. 8vo., 21 j. 

STROMEYER.— MARINE BOILER MANAGEMENT AND CON- 
STRUCTION. Being a Treatise on Boiler Troubles and Repairs, Corrosion, 
Fuels, and Heat, on the properties of Iron and Steel, on Boiler Mechanics, Work- 
shop Practices, and Boiler Design. By C. E. Stromeyer, Chief Engineer of the 
Manchester Steam Users' Association, Member of Council of the Institution of Naval 
Architects, etc. With 452 Diagrams, etc. 8vo., i2j. net. 

WHITE.— PETROL MOTORS AND MOTOR CARS: A Hand- 
book for Engineers, Designers and Draughtsmen. By T. Hyler White, A.M.I.M.E. 
With 44 Illustrations. Crown 8vo., 4s. 6d. net. 
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ELECTRICITY AND MAGNETISM. 

ARRHENIUS,—K TEXT-BOOK OF ELECTROCHEMISTRY. By 

SvANTE Arrhenuis, ProfessoF at the University of Stockholm. Translated from the 
German Edition by John McCrae, Ph.D. With 59 Illustrations. 8vo., ^. 6d. net. 

C^^ £^5- ^/Z5 (9 TV:— ELECTRO-DYNAMICS : the Direct- Current 
Motor. By Charles Ashley Carus- Wilson, M.A. Cantab. With 71 Diagrams, 
and a Series of Problems, with Answers. Crown 8vo., js, 6d, 

CUJI£M/JVG.— ELECTRICITY TREATED EXPERIMENTALLY. 

By LiNN.£US CuMMiNG, M.A. With 242 Illustrations. Cr. 8vo., 45. 6d. 

GORE.— THE ART OF ELECTRO-METALLURGY, including all 

known Processes of Electro-Deposition. By G. GORE, LL.D., KR.S. With 56 Illus- 
trations. Fcp. Bvo., 6s. 

HENDERSON.— "Noxks by JOHN HENDERSON, D.Sc, F.R.S.E. 
PRACTICAL ELECTRICITY AND MAGNETISM. With 157 

Illustrations and Diagrams. Crown 8vo. , js. 6d. 

PRELIMINARY PRACTICAL MAGNETISM AND ELEC- 
TRICITY. Crown 8vo., u. 

^/^^^i?7:— MAGNETISM AND ITS ELEMENTARY MEASURE- 
MENT. By W. HiBBERT, F.I.C., A.M.I.E.E. With 55 Diagrams. Crown 8vo., is. 

lENKIN — ELECTRICITY AND MAGNETISM. By Fleeming 

Jenkin, F.R.S., M.I.C.E. With 177 Illustrations. Fcp. Bvo., y. 6flf. 

/(9£^^J^^ 7:— ELEMENTARY TREATISE ON ELECTRICITY AND 

MAGNETISM. By G. Carey Foster, F.R.S. ; and Alfred W. Porter, B.Sc, 
Founded on Joubert's 'Trait6 E16mentair6 d'Electricit6 '. With 374 Illustrations 
and Diagrams. Bvo. , ioj. td. net 

/C? yC.^.— EXAMPLES IN ELECTRICAL ENGINEERING. By 

Samuel Joyce, A.I.E.E. Crown Bvo., 55. 

Z^ieZ^^iV.— ELECTRICITY FOR PUBLIC SCHOOLS AND 

COLLEGES. By W. Larden, M.A. With 215 Illustrations, and a Series of 
Examination Questions ; with Answers. Crown Bvo., 6s, 

MERRIFIELD, — yihG^ETYm. AND DEVIATION OF THE 

COMPASS. By John Merrifield, LL.D., F.R.A.S., iBmo., ar. 6d. 

A4j?^.— PRACTICAL ELECTRICAL TESTING IN PHYSICS AND 

ELECTRICAL ENGINEERING. By G. D. Aspinall Parr, Assoc. M.I.E.E. 
With 331 Illustrations. Bvo. , Bj. td. 

PO KS^i?.— Works by A. W. POYSER, M.A. 

MAGNETISM AND ELECTRICITY. With 235 Illustrations. 

Crown Bvo. , 2j. 6d. 

ADVANCED ELECTRICITY AND MAGNETISM. With 31; 

Illustrations. Crown Bvo. , 4J. 6rf. 

RHODES.— K^ ELEMENTARY TREATISE ON ALTERNATING 

CURRENTS. By W. G. Rhodes. M.Sc. (Vict.), Consulting Engineer. With 
80 Diagrams. Bvo., js. 6d. net. 

SLINGO AND BROOXER,— Works by W. SLINGO and A 
BROOKER. 
ELECTRICAL ENGINEERING FOR ELECTRIC LIGHT 

ARTISANS AND STUDENTS. With 3B3 Illustrations. Crown Bvo.. laj. 

PROBLEMS AND SOLUTIONS IN ELEMENTARY ELEC- 
TRICITY AND MAGNETISM. With 98 Illustrations. Cr. Bvo., sw. 

TYNDAZZ.— Works by JOHN TYNDALL, D.C.L., F.R.S. See p. 36. 
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TELEGRAPHY AND THE TELEPHONE. 

^6>/>^/iVS'.— TELEPHONE LINES AND THEIR PROPERTIES.^ 

By William J. Hopkins, Professor of Physics in the Drexel Institute, Philadelphia. 
Crown 8vo., 6s. 

PREECE AND SI FEIVR/G/IT.— TELEGRAPHY. By Sir W. 

H. Greece, K.C.B., F.R.S., V.P.Inst., C.E., etc., Consulting Engineer and 
Electrician, Post Office Telegraphs; and Sir J. Sivewright. K.C.M.G., General 
Manager, South African Telegraphs. With 267 Illustrations. Fcp. 8vo., 6s. 

ENGINEERING, STRENGTH OF MATERIALS, ETC. 

A JVDEJi SON.— THE STRENGTH OF MATERIALS AND STRUC- 

TURES: the Strength of Materials as depending on their Quality and as ascertained 
by Testing Apparatus. By Sir J. Anderson, C.E., LL.D., F.R.S.E. With 66 Illus- 
trations. Fcp. 8vo., y. 6d. 

BARRY.— RAILWAY APPLIANCES: a Description of Details of 

Railway Construction subsequent to the completion of the Earthworks and Structures. 
By Sir John Wolfe Barry, K.C.B., F.R.S., M.I.C.E. With 218 Illustrations. 
Fcp. Svo., 4 J. 6d. 

DIPLOCK.—A NEW SYSTEM OF HEAVY GOODS TRANSPORT 

ON COMMON ROADS. By Braham Joseph Diplock. With 27 Illustrations. 
Svo. , 6j. 6d. net. 

GOODMAN.-yiEQHAY^VZ'^ APPLIED TO ENGINEERING. By 

John Goodman, Wh.Sch., M.I.C.E., M.I.M.E., Professor of Engineering in the 
University of Leeds. With 714 Illustrations and numerous Examples. Crown Svo., 
95. net. 

GREGORY.— A SHORT INTRODUCTION TO THE THEORY 

OF ELECTROLYTIC DISSOCIATION. By J. C. GREGORY, B.Sc. (Lond.) 
A.I.C. Crown Svo., \s. 6d. 

low.— A POCKET-BOOK FOR MECHANICAL ENGINEERS. 

By David Allan Low (Whitworth Scholar), M.I.Mech.E., Professor of Engineering, 
East London Technical College (People's Palace), London. With over 1000 specially 
prepared Illustrations. Fcp. Svo. , gilt edges, rounded corners, js. 6d, 

PARKINSON. — LIGHT RAILWAY CONSTRUCTION. By 
Richard Marion Parkinson, Assoc. M. Inst. C.E. With S5 Diagrams. Svo., 
loj. 6d, net« 

5J/77W;— GRAPHICS, or the Art of Calculation by Drawing Lines, 

applied especially to Mechanical Engineering. By Robert H. Smith, Professor of 
Engineering, Mason College, Birmingham. Part I. With separate Atlas of 29 Plates 
containing 97 Diagrams. Svo. , 155. 

STONE Y.—TYLE THEORY OF STRESSES IN GIRDERS AND 

SIMILAR STRUCTURES: with Practical Observations on the Strength and other 
Properties of Materials. By Bindon B. Stonky, LL.D.. F.R.S., M.I.C.E. With 
5 Plates and 143 Illust. in the Text. Royal Svo., 36J. 

CrNWIN.— THE TESTING OF MATERIALS OF CONSTRUCTION. 

A Text-book for the Engineering Laboratory and a Collection of the Results of 
Experiment. By W. Cawthorne Unwin, F.R.S., B.Sc. With 5 Plates and 188 
Illustrations and Diagrams. Svo. , 16s. net. 

^^i?^^iV.— ENGINEERING CONSTRUCTION IN IRON, STEEL, 

AND TIMBER. By William Hbnry Warren, Challis Professor of Civil and 
Mechanical Engineering, University of Sydney. With 13 Folding Plates and 375 
Diagrams. Royal Svo., 16 r. net. 

WHEELER. — THE SEA COAST : Destruction, Littoral Drift, 

Protection. By W. H. Wheeler, M.Inst, C.E. With 38 Illustrations and Diagram. 
Medium Svo. , \os. 6d, net. 
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LONGMANS' CIVIL ENGINEERING SERIES. 

CIVIL ENGINEERING AS APPLIED TO CONSTRUCTION. 

By Levkson Francis Vernon-Harcourt, M.A., M.Inst.C.E. With 368 Illus- 
trations. Medium 8vo., net. 14J. 

Contents.— Materials, Preliminary Works, Foundations and Roads— Railvray Bridge and Tunnel 
Engineering — River and Canal Engineering— Irrigation Works— Dock Works and Maritime En- 
gineering—Sanitary Engineering. 

NOTES ON DOCKS AND DOCK CONSTRUCTION. By C. 

CoLSON, C.B., M.Inst.C.E. With 365 Illustrations. Medium Bvo., 21J. net 

CALCULATIONS IN HYDRAULIC ENGINEERING: a Practical 

Text-Book for the use of Students, Draughtsmen and Engineers. By T. Claxton 
FiDLER, M.InstC.E. 

Part I. Fluid Pressure and the Calculation of its Effects in Engineering 

Structures. With numerous Illustns. and Examples. 8t/o., dr. 6./. net. 

Part II. Calculations in Hydro- Kinetics. With numerous Illustrations 

and Examples. 8vo. , js. 6d. net. 

RAILWAY CONSTRUCTION. By W. H. Mills, M.LC.E., 

Engineer-in-Chief of the Great Northern Railway of Ireland. With 516 Illustrations 
and Diagrams. 8vo., i8j. net. 

PRINCIPLES AND PRACTICE OF HARBOUR CONSTRUCTION. 

By William Shield, F.R.S.E.. M.Inst.C.E. With 97 Illustrations. Medium 8vo., 
155. net. 

TIDAL RIVERS: their (i) Hydraulics, (2) Improvement, (3) Navigation. 
By W. H. Wheeler. M.Inst. C E. With 75 illustrations. Medium 8vo., i6j. net. 



NAVAL ARCHITECTURE. 

A TTIVOOJ?.— Works by EDWARD L. ATTWOOI), M.Inst.N.A., 

Member of the Royal Corps of Naval Construction. 

WAR SHIPS: A Text-book on the Construction, Protection, 

Stability, Turning, etc., of War Vessels. With numerous Diagrams. Medium 
8vo., lor. 6d. net. 

TEXT-BOOK OF THEORETICAL NAVAL ARCHITECTURE: 

a Manual for Students of Science Classes and Draughtsmen Engaged in Shipbuilders' 
and Naval Architects' Drawing Offices. With 114 Diagrams. Crown 8vo., 7s. 6d. 

BOLMS. — FRACTICM. SHIPBUILDING: a Treatise on the 

Struc ural Design and Building of Modern Steel Ve-sels, the work of construction, 
from the making of the raw material to the equipped vessel, including subsequent 
up-keep and repairs. By A. Campbell Holms, Member of the Institution of Naval 
Architects, etc. In 2 vols. (Vol. I., Text, medium Bvo. ; Vol. II., Diagrams and 
Illustrations, oblong 4to.), 485. net. 

LOVETT.—k COMPLETE CLASS-BOOK OF NAVAL ARCHI- 
TECTURE, PRACTICAL, LAYING-OF, THEORETICAL. By W. J. Lovkit. 
With numerous Illustrations, and nearly 2co worked out answers to recent Board ofj 
Education Examination Questions. Bvo , 75. dd. net. 

WATSON.— ^PiShL ARCHITECTURE: A Manual of Laying off 
Iron, Steel and Composite Vessels. By Thomas H. Watson, Lecturer on Naval 
Architectm-e at the Durham College of Science, Newcastle-upon-Tyne. With numerous 
Illustrations. Royal 8vo., 155. net. 
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WORKSHOP APPLIANCES, ETC. 

NORTHCOTT,—LkTl{^'^ AN13 TURNING, Simple, Mechanical 

and Ornamental. By W. H. Northcott. With 338 Illustrations. 8vo. , ifty. 

iP^i^i?.— MACHINE T00r.S AND WORKSHOP PRACTICE FOR 

ENGINEERING STUDENTS AND APPRENTICES. By Alfred Parr, 
Instructor in Fitting and Machine Shop and Forge, University College, Nottingham. 
With an Introduction by William Robinson, M.E., M.Inst. C.E. With 462 
Illustrations, 8vo. ,ioj. 6^. 

SHELLE K— WORKSHOP APPLIANCES, including Descriptions 

of some of the Gauging and Measuring Instruments. Hand-cutting Tools Lathes, 
Drilling. Planeing, and other Machine Tools used by Engineers. By C. P. B. Shkllby, 
M.I.C.E. With an additional Chapter on Milling by R. R. Lister. With 323 Illus- 
trations. Fcp. 8vo.. 5J. 

MACHINE DRAWING AND DESIGN. 

DUNKERLEY.—MECViK^l^yi. By S. DUNKERLEY, M.Sc, 

Assoc. M.Inst. C.E., M.Inst.C.E., Professor of Applied Mechanics in the Royal Naval 
College, Greenwich. With numerous Diagrams, 8vo. , 9J. net. 

LONGMANS' LIST OF APPARATUS FOR USE IN GEOMETRY, 

ETC 

1. LONGMANS' ENGLISH AND METRIC RULER. Marked on one edge in Inches, 

Eighths, Tenths and Five-fifths. Marked on the other eige in Centimetres. Price 
T.d. net. 

2. LOW'S IMPROVED SET SQUARES. Designs A & B. 45° to 60° 



O .ft 



A I 45° 4 



A 2 45° 6 
A 3 45° 6^" ) 



B I 45° 4" each i/- net. 



A I 60° 4" 1 r B I 60° 4" each i/- net. 



1 60° 4" \ ( 

2 60° 6" Vor^ 

3 60° 8i"J [ 



A 2 60° 6" Vor^ B 2 60° 6" „ 1/3 
A3 60° 8^ J lB3 6o°8r .. 2/- 



-or^B2 45°6" „ 1/3 
B Q /ic° 8i" 2/- 

LOW'S IMPROVED PROTRACTORS (Celluloid). Protractor No. 2". 3" radius, 
marked in degrees, Cxi. net. Protractor No. 3. 4" radius, marked in ^-degrees, gd. 
net. 

4. LOW'S ADJUSTABLE PROTRACTOR SET SQUARE. 2s. 6ci. net. 

5. LONGMANS' BLACKBOARD ENGLISH AND METRIC RULE. One Metre; 

marked in decimetres, centimetres, inches, half-inches and quarter-inches, as. 6d. 
*^* A Detailed and Illustrated Prospectus will be sent on application, 

LO IV.— Works by DAVID ALLAN LOW, Professor of Engineering, 
East London Technical College (People's Palace). 

AN INTRODUCTION TO MACHINE DRAWING AND DESIGN. 

With 153 Illustrations and Diagrams. Crown 8vo., ^. 6d. 

THE DIAGRAM MEASURER. An Instrument for measuring the 

Areas of Irregular Figures and specially useful for determining the Mean Effective 
Pressure from Indicator Diagrams from Steam, Gas and other Engines. Designed by 
D. A. Low. With Full Instructions for Use. is. net. 

LOJV AND BEVlS,—k MANUAL OF MACHINE DRAWING AND 
DESIGN. By David Allan Low and Alfred William Bkvis, M.I.Mech.E. 
With 700 Illustrations. 8vo. , yj. 6^. 

7iV«^7iV:— THE ELEMENTS OF MACHINE DESIGN. By W. 

Cawthorne Unwin, F.R.S. 
Part I. General Principles, Fastenings, and Transmissive Machinery. 

With 345 Diagrams, etc. Fcp. 8vo., 7J. 6</. 

Part IL Chiefly on Engine Details. With 259 Illustrations. F'cp. 

8vo., 6j. 
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MINERALOGY, MINING, METALLURGY, ETC. 

BAC/JE:/^MAJ\r.— Works by HILARY BAUERMAN, F.G.S. 
SYSTEMATIC MINERALOGY. With 373 Illustrations. Fcp. 

8vo. , dr. 

DESCRIPTIVE MINERALOGY. With 236 Illustrations. Fcp. 

8vo., 6j. 

BREARLEY and IBBOTSON,—T\ll^ ANALYSIS OF STEEL- 
WORKS MATERIALS. By Harry Brearley and Fred Ibbotson, B.Sc. (Lond.). 
Demonstrator of Micrographic Analysis, University College, Sheffield. With 85 Illus- 
trations. 8vo., i4r. net. 

GORE.—HYlEs ART OF ELECTRO-METALLURGY. By G. Gore, 

LL.D.. F.R.S. With 56 Illustrations. Fcp. 8vo..6j. 

^6?5ir6>ZZ?.— ENGINEER'S VALUING ASSISTANT : being a prac- 
tical Treatise on the Valuation of Collieries and Other Mines, etc. By H. D. Hoskold. 
With an Introductory Note by the late Peter Gray. 8vo., 7s. 6d. net. 

HUNTINGTON AND MCMILLAN -METALS: their Properties and 

Treatment. By A. K. Huntington, Professor of Metallurgy in King's College, 
London, and W. G. M'Millan, late Lecturer on Metallurgy in Mason's College, 
Birmingham. With 122 Illustrations. Fcp. 8vo., 7s, 6d» 

LC/PTON — Works by ARNOLD LUPTON, M.LC.E., F.G.S., etc. 
MINING. An Elementary Treatise on the Getting of Minerals. With 

a Geological Map of the British Isles, and 596 Diagrams and Illustrations. Crown 
8vo. , gs. net. 

A PRACTICAL TREATISE ON MINE SURVEYING. With 

209 Illustrations. 8vo.| las. net. 

MA GEAR LANE. — LABORATORY NOTES ON PRACTICAL 

METALLURGY: being a Graduated Series of Exercises. Arranged by Walter 
Macfarlane, F.I.C. Crown 8vo., 2s. 6d. 

RUE AD.— METALLURGY, By E. L. Rhead, Lecturer on Metal 

lurgy at the Municipal Technical School, Manchester. With 04 Illustrations. Fcp. 
8vo., y. 6d. 

RHEAD AND SEXTON— ASSAYmO AND METALLURGICAL 

ANALYSIS for the use of Students, Chemists and Assayers. By £. L. Rhead, Lecturer 
on Metallurgy, Municipal School of Technology, Manchester; and A. Humboldt 
Sexton, F.I.C. , F.C.S., Professor of Metallurgy, Glasgow and West of Scotland 
Technical College. 8vo., loi. 6d. net. 

RUTLEY.— THE STUDY OF ROCKS: an Elementary Text-book of 

Petrology. By F. Rutley, F.G.S. With 6 Plates and 88 other Illustrations Fcp. 
8vo., 4r. 6d, 

ASTRONOMY, NAVIGATION, ETC. 

^^^(9rr. — ELEMENTARY THEORY OF THE TIDES: the 

the Fundamental Theorems Demonstrated without Mathematics and the Influence 00 
the Length of the Day Discussed. By T. K. Abbott, B.D., FelloM and Tutor, Trinity 
College, Dublin. Crown 8vo. , ar. 

BALL.— Works by Sir ROBERT S. BALL, LL.D., F.R.S. 

ELEMENTS OF ASTRONOMY. With 130 Figures and Diagrams. 

Fcp. 8vo. , 6s. 6d. 

A CLASS-BOOK OF ASTRONOMY. With 41 Diagrams. Fcp. 

8vo., IS. 6d. I 
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ASTRONOMY, NAVIGATION, ETC ^—Continued. 

GILL.— TEXT-BOOK ON NAVIGATION AND NAUTICAL AS- 
TRONOMY. By J. Gill, F.R.A.S. New Edition Augmented and Re-arranged by 
W. V. Merripield, B.A. Medium 8va, 10s. 6d. net. 

«S^5CZr^Z. —OUTLINES OF ASTRONOMY. By Sir John F. W. 
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